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ABSTRACT
Supracrustals of the 2.76-2.71 Ga Mary River Group form the northeastern
segment of the Committee Bay Belt. Field mapping has determined that this succession
is preserved in structural keels marginal to high-grade gneiss domes and is characterized
by lower metasedimentary rocks and an upper BIF-komatiite-quartzite succession.
Algoma-type BIF sited at the dome/keel boundary is host to bodies of high-grade iron
ore, the largest being Deposit 1 which has an estimated reserve of 500 mt averaging 64
wt % Fe.
Field mapping, petrography, and EMPA indicates 3 main stages of ore formation.
Stage 1 was characterized by the formation of the dome-and-keel tectonic style during the
regional Paleoproterozoic Transhudson overprint. Juxtaposition of cold greenschist
facies supracrustals against hot amphibolite facies gneiss domes resulted in dehydration
of supracrustals. Dehydration of komatiites and amphibolitic wacke provided a fluid
reservoir for an alkaline Mg-Fe-Ca-rich brine, and accounts for massive desilication and
massive chlorite retrogression at the boundary. Stage 2 involved ascent of this hot (400500°C) fluid leaching silica, stabilizing Mg-Fe-Ca carbonate within enriched BIF. This
was followed by prograde thermal metamorphism resulting in porphyroblastic growth of
numerous Fe-Mg(-Ca) species. Stage 3 postdates the thermal peak and involved a shift to
lower pH and cooling to below 300°C, causing the oxidation of magnetite to martite.
This fluid leached remnant carbonate, and release of CO2 formed retrograde replacement
of relict carbonate by talc, serpentine, sericite, and minor chlorite within the massive
magnetite bodies.
Keywords: High-Grade Iron Formation, Iron Ore, Mary River Group, Nunavut
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CHAPTER 1
INTRODUCTION

1.1 Statement of Purpose
This thesis is a result of collaboration between Nunavut Tunngavik Inc. (NTI) Lands
and Resources Department and Baffinland Iron Mines Corp. (BIM). It is an outgrowth of
a B.Sc. study of BIM Deposit 1 (MacLeod, 2009), and three subsequent field seasons
working on BIM’s ongoing exploration in the Mary River District. The purpose of this
study is to refine the current understanding of the genesis of direct shipping iron ores
hosted within the Mary River Group (MRG). These high-grade iron ores are a result of
upgrading banded iron formation (BIF) to enriched iron formation and to high-grade iron
ore. The silica loss associated with the iron enrichment occurs at the boundary between
keels of MRG and domical high-grade gneisses. The genesis of massive magnetitehematite bodies is addressed through documentation of their specific setting. Better
understanding of the structural, stratigraphic, and metamorphic environment for
upgrading BIF to massive iron oxide provides an exploration tool to aid in further
discovery of high-grade ores within the MRG.
The following text is divided into six chapters. Chapter 1 introduces this thesis, and
describes the location and history of the Mary River area. This is followed by a review of
banded iron formations and high-grade iron ore districts. Chapter 2 discusses the
regional geology of northern Baffin Island and the detailed geology of Deposits 1-6.
Chapter 3 discusses petrography and geochemistry of host rocks to ore, and Chapter 4
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discusses petrography and geochemistry of iron formations. Chapter 5 is a discussion of
results from previous chapters, and Chapter 6 proposes a metallogenic model.

1.2 Location of Study Area, Access, and Physiography
The Mary River project area is located ~160 km south of the hamlet of Pond Inlet,
Quikiqtani District, Nunavut (Figure 1). Pond Inlet is a picturesque community situated
on the northern shores of Baffin Island, and has a mostly Inuit population of ~1,300. The
study area occurs within NTS map sheets 37G/5 and 37G/6, and is largely covered by
NTI’s IOL PI-17 property (Figure 2). Access is restricted to charter aircraft, primarily
from Iqaluit, to a well-maintained airstrip at BIM’s Mary River camp (Figure 3).
The study area overlaps the fault scarp boundary between the Lancaster Plateau to the
southwest, and Baffin Uplands to the northeast (Bostock, 1970). The high-grade iron
ores that are exposed north of the Central Borden Fault form prominent ridges reaching a
maximum elevation of 700 m a.s.l. The excellent outcrop exposures along the Central
Borden Fault scarp are bracketed by vast plains with variably thick glacial till cover. The
region is typical of northern tundra - no trees, and extensive grass and sand cover. Lakes
and streams are deeply incised and subject to seasonal flooding. Wildlife includes foxes,
hares, wolves, caribou, ermine, lemmings, and (rarely) polar bears. Waterfowl and birds
include geese, hawks, owls, falcons, terns, and a variety of songbirds.
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Figure 1 – Location of Mary River camp, centered at UTM 17 0558052mE and
7914605mN.

4

Figure 2 - Location of IOL PI-17 infilled in red, indicating both surface and subsurface
rights. Pink areas indicate heritage lands with only surface rights (modified from
Chenier, 2008).

5

Figure 3 – Mary River Camp.
1.3 Study Methods
Regional field mapping of IOL PI-17 was carried out during the 2009 field season
via helicopter-supported traverses. Supplementary drill core sampling was also
completed during the 2009 field season. This investigation integrates the results of field
mapping and core logging, and is supported by detailed petrography and geochemistry.
The petrographic investigation focuses on Deposit 1 for defining the origin of massive
iron oxide. The drill logs define the macro-scale textural and mineralogical variability
within the deposit. Complementary electron microprobe results establish the
metamorphic conditions, while bulk rock analysis demonstrates the variability in iron and
selected trace elements among BIF, enriched-BIF, and high-grade iron ores.
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1.4 Mineral Exploration History and Previous Work
Iron formations were first noted on northern Baffin Island in the journals of Charles
Francis Hall during the 2nd Polar Expedition 1864-1869 (Nourse, 1879). During the 1921
Fifth Thule Expedition, Nuluijaq Mountain (now Nuluujaaq) was used as a marker for
construction of the first cartographic map of ‘Cockburn Land,’ covering northern Baffin
Island (Mathiassen, 1933). Aside from the Thule Expedition, remoteness of the area
discouraged further exploration.
The discovery of Mary River Iron Ores in 1962 is credited to Murray Watts, then
president of British Ungava Explorations Ltd., and his pilot Ron Sheardon. Baffinland
Iron Mines Inc., financed by the Southern African and London Anglo-American Mining
Corporation, completed preliminary exploration work between 1963-1966. The project
was shelved awaiting improved economic conditions after significant decreases in the
price of iron ore followed the discovery of large deposits in Australia and Brazil. It was
not until 2004 when Baffinland Iron Mines Corp. re-emerged that exploratory work
resumed. Work completed to date includes a feasibility study and bulk sample program
on Deposit 1, definition drilling of Deps. 2-5, as well as additional regional exploration.
To date, BIM has spent in excess of $300,000,000 on exploration within the Mary River
Iron Ore District. The main focus of exploration has been on drilling Deposit 1, currently
reporting a conservative resource estimate of 500 mt, making it a world class deposit of
direct shipping iron ore (BIM, 2009).
In the winter of 2011, BIM was the target of a bidding war between Luxembourgbased ArcelorMittal S.A.1 and Nunavut Iron Ore Acquistion Inc. (‘Nunavut’), a U.S.

1

Société Anonyme
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private equity fund. This bidding war resulted in a joint takeover bid valued at
C$590,000,000, with ArcelorMittal S.A. acquiring 70% of the company, and Nunavut
30%.
The Geological Survey of Canada (GSC) conducted mapping in the Mary River area
during the summer of 1965 (Jackson, 1965, 1966; Gross, 1966). In particular, G.D.
Jackson examined a 750 square mile area in the vicinity of the iron ores. This work
included outcrop mapping of map sheets 37G/5 and 37G/6 at a 1:50,000 scale. As part of
this program, G.A. Gross carried out work in the immediate vicinity of Deposit 1 and
proposed a metallogenic model based on his surface evaluation. Jackson returned to the
area in 1969 and carried out extensive helicopter reconnaissance mapping (1:250,000) of
north-central Baffin Island as part of Operation Bylot (Jackson, 1969). In recent years
the GSC has continued to sponsor work on the Mary River Group (e.g. Jackson &
Berman, 2000; Bethune & Scammell, 2003a,b; Bethune and Scammell, 2003; Scott et al.,
2003; Young et al., 2004; Johns & Young, 2006). The MRG is the northern segment of
the Committee Bay Belt and is broadly correlated with the Prince Albert and Woodburn
Lake groups on the mainland. As such, numerous recent publications by the GSC are
also applicable to the understanding of the MRG (e.g. Zaleski et al., 1999; Skulski et al.,
2003; Berman et. al., 2010a,b).
A Ph.D thesis, completed at the University of Washington in 1973 on ‘Metamorphic
Iron Formations of Eqe Bay and Adjacent Parts of Northern Baffin Island,’ included a
study of the Mary River iron ores (Crawford, 1973). In 2009, a B.Sc. thesis was
completed by the author on Mn and P enrichment at BIM’s Deposit 1 (MacLeod, 2009).
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In 2011, two B.Sc. theses (Nicpon (2011) and Fulcher (2011)) investigated chlorite schist
footwall to the high-grade iron ores.

1.5 General Statement on Iron Formations
Iron Formations are both temporally and geographically widespread (Figures 4 &
5). Originally defined by James (1954), they have recently been re-defined by Klein
(2005) as ‘a chemical sediment, typically bedded or laminated, whose principal chemical
characteristic is an anomalously high content of iron, commonly but not necessarily
containing layers of chert.’ James had previously placed a restriction on iron content
(<15%), however this number has been generally rejected.

Figure 4 – Schematic diagram showing relative abundances and distribution of BIF over
time (Klein, 2005).
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Figure 5 – Global distribution of iron formations and Precambrian cratons (Beukes and
Gutzmer, 2008).
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Currently, there is no unifying model for the classification of BIFs. Various
schemes have been proposed, but none can account for the wide distribution, differences
in geological age, and assemblages. Three classification schemes will be briefly
presented here: 1) classification based on texture; 2) classification based on sedimentary
facies; and 3) classification based on geologic setting (focusing on Algoma-type).
Rapitan-type iron formations, associated with glaciations, and Kiruna-type iron
formations, associated with iron oxide-copper-gold deposits, are not discussed here.
Two broad textural varieties of iron formation exist, banded iron formation (BIF)
and granular iron formation (GIF). Banded iron formations (BIF) are those that contain
distinct chert bands that may be traceable for kilometers (Cloud, 1983; Klein, 2005).
They are thought to have formed in quiescent basins, beneath the influence of surface
waves. This is in contrast to GIFs that exhibit crude banding that is rarely traceable.
Furthermore, GIFs are thought to be deposited as endoclastic sands that are granular to
oolitic, suggestive of shallower waters (Clout and Simonson, 2005). They are
predominantly associated with Superior-type BIFs (discussed later). Due to the absence
of GIFs in the Mary River area, they will only be briefly mentioned in the following
review.
James (1954) classified BIFs based on four distinct sedimentary facies: oxide,
silicate, sulfide, and carbonate (Table 1). Oxide facies is the most widespread, and
characterized by high magnetite or hematite content. They are well banded (mm-cm
scale). Silicate facies represents a minor constituent of most BIFs. They are finely
laminated to irregular banded, and composed of iron silicates with interbedded chert,
carbonates, and magnetite. Where rich in iron, they can transition to oxide facies.
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Table 1 - Characteristics of sedimentary facies in BIFs (James 1954).
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Sulfide facies is characterized by high sulfide content (up to 40%) and commonly banded
with chert. They typically have a limited thickness and are rarely considered economic.
Carbonate facies is characterized by interbedded chert with iron-rich carbonates.
Differing sedimentary facies can co-exist within the same basin, and most BIFs have a
mix of the four.
Gross (1965, 1980) classified iron formations based on their depositional
environments (Figure 6). Algoma-type iron formations were deposited between ~3.5-2.6
Ga, but are most commonly associated with the Neoarchean. They are associated with
volcanic activity and hydrothermal processes (‘black smokers’) related to volcanic
centers. They commonly occur at volcanic/greywacke transitions within greenstone
belts. Algoma-type BIFs are typically thin (<100 m thick), and have a limited aerial
extent (<100 km2), although this may be attributed to deformation and disruption (Gole
and Klein, 1981; Clout and Simonson, 2005). Examples include those found within the
Abitibi in Canada, the Isua iron formations in West Greenland, and the Barberton iron
formations in South Africa. Superior-type iron formations are the largest of all BIFs and
were deposited from ~2.6-1.8 Ga. They occur in Paleoproterozoic near-shore continental
shelf successions. Due to their great thicknesses (>100 m) and aerial extents (>1000
km2), they represent the major period of iron deposition in Earth’s history. Superior-type
BIFs are typically associated with successions of quartzite, dolomite, iron formation and
black shale with only minor interstratified volcanic rocks (Gross, 1980). Examples
include the Superior iron formations and Labrador Trough in Canada and the USA, and
Quadrilaterro Ferrifero in Brazil.
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Figure 6 – Tectonic setting of Algoma- and Superior-type iron formations (Gross, 1980).
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1.6 BIF-Hosted High-Grade Iron Ore
Economic high-grade iron ores are almost exclusively hosted by BIFs or GIFs of
Precambrian age (Kock et al., 2008). High-grade iron ores are those that contain >60 wt
% Fe, and direct shipping iron ores are those that contain >62 wt % Fe. Individual
deposits range from a few million tons up to 2 billion tons at > 64 wt % Fe, however
most deposits are in the 200-500 mt range. Unlike BIF, high-grade iron ores require little
to no beneficiation prior to smelting, so they are significantly more economic and more
sought-after.
There are two primary types of BIF- or GIF-hosted high-grade iron ore: 1)
martite2-goethite ores, containing 56-63 wt % Fe; and 2) high-grade hematite ores
containing 60-68 wt % Fe (Morris, 1985; Beukes et al., 2002). The second type can be
further subdivided into itabirite3-derived residual ores and microplaty hematite
replacement ores (Clout and Simonson, 2005). Itabirite-derived residual ores are formed
by supergene leaching of gangue minerals and the residual accumulation of hematite.
Microplaty hematite replacement ores are formed by the replacement of silicate or
carbonate bands with a three-dimensional network of 20- to 200-!m plates of hematite
with intergranular voids (Morris, 1985). Within these types of ores, it is common for the
primary banding of the BIF or GIF to be preserved during the enrichment processes
(Figure 7) (Morris, 1985).
Within the martite-goethite ores, primary chert and carbonates are replaced by
goethite. In bands that contained disseminated magnetite with carbonates and cherts,
2

Martite is a textural term to describe hematite pseudomorphs after octahedral magnetite
(Hagemann et al., 2008).
3
Itabirite is a term commonly used in Brazil to describe metamorphosed, oxidized, and
derformed BIF (Hagemann et al., 2008).
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oxidation causes magnetite replacement by martite. Al-silicate-rich bands are leached
and replaced by clay-rich shale beds. Within the itabirite/hematite ores (henceforth
referred to as hematite ores), leaching of silicates and carbonates causes the residual
concentration of martite and hematite. Remnant friable quartz may be found where
leaching has been less concentrated. In microplaty hematite ores, chert and carbonate
bands are replaced by microplaty hematite. Similar to martite-goethite ores, beds with
disseminated magnetite are oxidized to martite and minor hematite, and beds with Alsilicates produce clay-rich shale beds. Although the primary mineralization of these ore
types is both simple and similar, the processes involved to produce these types of ores are
distinct and dissimilar: their processes will be discussed in the following sections.

Figure 7 – Diagram summarizing resultant mineralogy of enriched primary BIF or GIF
banding (Clout and Simonson, 2005).
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1.6.1 Martite-Goethite Ores
Although martite-goethite ores have a lower grade than high-grade hematite ores,
they are still economically important. Approximately 90% of the pre-mining BIF-hosted
ores in the Hamerlsey Province, Australia, was of this type. Typically, goethite accounts
for >50% of the rock, leading to elevated phosphorous contents (~0.07 to >0.17 wt %)
(Morris, 2002; Clout and Simonson, 2005). The deposits are typically associated with
Cretaceous-Tertiary erosional surfaces, and have not been metamorphosed. Notable
examples of this ore type are found in the Hamersley Group, which includes deposits
within the 2.60 Ga Marra Mamba Iron Formation (Marandoo, Area C, and West Angelas
A deposits), and deposits found within the Brockman Iron Formation (Rhodes Ridge,
Ophthalmia Range, and Paraburdoo Eastern Range deposits) (Figures 8, 9).

Figure 8 – Stratigraphic column of the Hamersley Group, Pilbara Craton, Western
Australia, with detailed stratigraphy of Marra Mamba Iron Formation, Dales George
Member, and Joffre Member (Throne et al., 2008).
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Figure 9 – Location of select deposits within the Hamersley Province (Thorne et al.,
2008).
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The West Angelas A deposit hosted in the Hamersley Group is a type example of
a martite-goethite ore deposit (Clout and Simonson, 2005, and references therein). The
deposit is sited at the top of Marra Mamba BIF and located in a synclinal structure on the
southern flank of a much larger anticline. The main ore minerals are comprised of
martite, hard brown goethite, and powdery yellow ochreous goethite (sometimes referred
to as limonite). The flat-lying, surface region of mineralization is overprinted by a
vitreous goethite hardcap4 (Figure 10). This hardcap is immediately underlain by hard
martite-goethite hematite ores (>50% hematite) (Fig 10, A). The hematite is a result of
extensive dehydration of goethite. Stratigraphically downward, medium to friable
goethite-martite ore (<50 wt % hematite) (Fig. 10, B) changes to leached, friable to
powdery (including ‘blue dust5’) ochreous goethite-martite ores (<30 wt % hematite)
(Figs. 10, C,D). Each type of ore is separated by a thin shale layer. This deposit
preserves primary bedding in a manner described in the above section.
The steeper dipping section of the deposit has ore that is predominantly of the
friable to powdery ochreous goethite type. This is attributed to secondary leaching by
ground water, compared to less leaching and dehydrating in the moderately dipping
section, which is intermediate in hardness between the flat and steeply dipping ores.

4

Hardcap is a term used to describe recent surficial weathering of iron ore up to 60 m
below surface. The ore consists of highly porous or coarse textured vitreous goethite
with high concentrations of Al or Si (Clout and Simonson, 2005).
5
Blue dust is the name given to the softest type of BIF-derived iron ore. It is very pure
and powdery, composed mostly of unconsolidated hematite and/or martite or specularite
and microplaty and microcrystalline hematite, resulting in a blue-gray coloured ore
(Hagemann et al., 2008).
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Figure 10 – Geologic cross-section of the West Angelas A deposit. Letters A-D represent
differing stratigraphic zones, and RL = reduced level (Clout and Simonson, 2005).
Bergstrand et al. (2003) proposed that the presence of aquicludes, such as shale
bands, could have caused circulation of ground water in the upper portion of the deposit.
It was suggested that ponded Fe-rich ground water encouraged the deposition of
secondary goethite in localized zones. This goethite was then in turn dehydrated to
hematite, increasing the density of the ore.

1.6.2 High-Grade Hematite Ores
Unlike the rather simple martite-goethite ores, high-grade hematite ores have a
wide array of characteristics. Hematite ores are predominantly composed of hematite or
martite derived from the leaching of gangue from primary BIF (Clout and Simonson,
2005). This results in a residual concentration of iron minerals. Examples of this type
include the Quadrilaterro Ferrifero in Brazil, and Sishen in the Transvaal Supergroup,
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South Africa. Microplaty ores are characterized by microplates of hematite with variable
hardness and porosity. Martite may or may not occur. Examples of the microplaty type
include Thabazimbi, in the Transvaal Supergroup of South Africa, the Mount Tom Price
and Mount Whaleback deposits in the Hamersley Group, Australia, and the Carajas
mineral province, in Brazil. In residual hematite and microplaty hematite ores, goethite
only accounts for <15 wt % of the ore (except in the hardcap), and have low phosphorous
concentrations (<0.06 wt %) (Morris, 2002; Clout and Simonson, 2005).
The Quadrilatero Ferrifero district, located in the southern portion of the San
Francisco craton in Minas Gerais, is host to massive deposits of iron ore (~3,300 Mt at
>64 wt % Fe) (Clout and Simonson, 2005; Rosiere et al., 2008). Deposits from this
district include Pico, Aguas Claras, and Tamandua, and ores are hosted within the Caué
Itabirite Formation of the Minas Supergroup, a Proterozoic sedimentary succession that
overlies Archean greenstone terranes. Two main types of hematite ore are recognized: 1)
hard, massive part-concordant hematite bodies; and 2) tabular, schistose-specular
hematite bodies (Rosiere and Rios, 2004). The district contains two structural domains: a
high-strain eastern domain, dominated by thrusts and mylonitic shear zones; and a lowstrain western domain, dominated by well-preserved synclines, and discontinuous shear
zones and thrusts (Rosiere and Rios, 2004; Rosiere et al., 2008). The area has been
regionally metamorphosed to greenschist or amphibolite facies, and is structurally
complex, having been affected by two orogenic events. Ores within the district are
thought to have formed from recent supergene leaching of carbonate and quartz from the
protore. This resulted in the residual concentration of soft and friable hematite,
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accounting for 85% of the total resource. The remaining 15% of the ore is comprised of
hard-hematite pods that are thought to have a hypogene origin.
The Thabazimbi iron ore district is host to the East, Kwagas, and Donkerpoort
West deposits in South Africa. Pre-mining reserves were ~300 Mt at ~65 wt % Fe. The
ores are hosted beneath unmineralized BIF within basal parts of the Penge Iron
Formation, which averages 36 wt % Fe, and rests on dolomitic rocks (Figure 11).
Enriched BIF is characterized by assemblages of banded and brecciated dolomitehematite, calcite-hematite, or hematite-talc, that have an average grade of 45 wt % Fe.
High-grade iron ores are characterized by hard hematite/martite. Goethite-rich ores are
confined to the present land surface.

Figure 11 – Schematic cross-section of the Donkerpoort West deposit, Thabazimbi, South
Africa (Dalstra and Guedes, 2004).
The Mount Tom Price deposit is hosted within the Dales Gorge Member of the
Brockman Iron Formation, but lesser amounts of ore can be found in the Joffre Member
(see Fig. 9). The deposit has a resource of 900 Mt at 63.9 wt % Fe, and a low (0.053 wt
% P) phosphorous content (Taylor et al., 2001; Clout and Simonson, 2005; Thorne et al.,
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2005). The deposit occurs as a synclinorium along the eastern closure of the Turner
Syncline. The structure in the area is characterized by numerous faults, synclines, and
anticlines. The characteristics of the microplaty ores vary from hard to medium massive
hematite to powdery blue dust ores, and preserve the primary microbands of the parent
BIF. Crosscutting dolerite dykes display local hydrothermal alteration to
chlorite+hematite+talc, suggestive of a hypogene origin for the deposit.
The Mount Whaleback deposit occurs as a faulted outlier to the south of the
Ophthalmian Range (Clout and Simonson, 2005; Thorne et al., 2008, and references
therein). It is the largest of all the Australian iron deposits, with a pre-mining resource in
excess of 1,800 Mt at 64 wt % Fe. Iron ore is predominantly hosted within the Dales
George Member, with lesser amounts being found in the lower Colonial Chert Member,
and the overlying Joffre Member. The deposit is structurally complex, with five
deformation events. Two low-angle normal faults are spatially associated with the highgrade martite-microplaty hematite ores. These ores are predominantly martite hosted
within a porous (up to 30%) network of microplaty hematite. Until recently, a supergenemetamorphic model was proposed for the genesis of these ores, but more recently a
supergene-synorogenic model dependant on the Ophthalmian orogeny is proposed.
The Carajas mineral province is located on the eastern part of the Amazon craton,
Brazil (Clout and Simonson, 2005; Figueiredo E Silva et al., 2008). It is considered one
of the most important mineral provinces in the world, with enrichments in numerous
metals. Fe resources in the district total ~17,500 Mt at >64 wt % Fe. Iron ore is hosted
within jaspilites of the Carajas Iron Formation, a part of the Neoarchean Itacaiunas
Supergroup. The iron formation is interbedded with mafic volcanic rocks of the Grao
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Para Group. Iron ore is found along the north limb (Serra Norte) of a synclinal fold
structure known as the Carajas shear zone. The nine deposits found in the Serra Norte
are numbered N1 to N9. The high-grade ores occur as tabular bodies of friable to
powdery martite-microplaty hematite that contain localized hard bodies (Figure 12). The
ores are covered by a canga6. In the deepest parts of the N4E deposits, ore grades
downwards into carbonate-rich protores. Basalts in the N4-N5 area display intense
chloritization and hematization, suggesting a hydrothermal origin for the ores.

Figure 12 – Cross-section of the N4W deposit, Carajas mineral province, Brazil (Clout
and Simonson, 2005).

6

Canga is a coarse-grained poorly sorted alluvium composed of ferricrete fragments and
iron ore cemented by goethite. It accumulates as surficial deposits near exposed and
lateritized high-grade iron ore deposits (Hagemann et al., 2008).
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1.6.3 Ore Genesis
The formation of these high-grade ores is attributed to selective removal of SiOs,
MgO, CaO, as well as CO2 from primary BIF or GIF. This is achieved with or without
the addition of Fe. Specific processes related to enrichment and upgrade of parent BIF is
hotly debated. Models range from syngenetic (King, 1989; Lascelles, 2002, 2008), to
diagenetic (Findlay, 1994; Lascelles, 2007), to supergene (MacLeod, 1966; Morris, 1985;
Beukes et al., 2003), to synorogenic (Li et al., 1993; Powell et al., 1999), to hypogene
(Lobato et al., 2008), and to supergene-modified hypogene (Barley et al., 1999; Taylor et
al., 2001). Because a complete review of all models would be extensive and unnecessary
for the purposes of this thesis, only popular models focusing on those mentioned in the
preceding sections will be reviewed.

1.6.3.1 Syngenetic
Syngenetic models for high-grade iron ore formations assume a clastic origin,
with or without diagenetic concentration (King, 1989, Lascelles 2002). Composite
syngenetic models involve later modification by igneous activity, metamorphism, or
supergene modification.
Lascelles (2002) proposes that lateritic weathering processes can be used to
produce a syngenetic model, and uses evidence from the Hamersley Province to support
this theory. He argues that the weathering profiles extends to the base of all deposits
there, and lie within the saprolitic zone. Supporting evidence is the preservation of
primary textures from the host BIF. This zone is overlain by a hydrated goethite-rich
solum, equal to a hardcap. He further argues that ground water is saturated with respect
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to silica, and thus is incapable of dissolving and removing quartz below the water table.
Furthermore, quartz is typically preserved in saprolites. While quartz may be dissolved
in the solum, as meteoric water is typically not saturated with respect to silica, soilforming processes destroy primary textures.
Further evidence for a syngenetic origin is the unaltered nature of the iron oxides
in ore, compared to extensively altered host BIF. Lascelles (2002) argues that any
process acting on the BIF to remove silica, would affect the ores as well. Chert-free BIF
evidenced at Mt Gibson is suggested to be the precursor to iron ores (Figure 13). It is
proposed that chert bands were replaced by carbonates at low temperatures, and
supergene dissolution of the carbonates would result in accumulation of massive iron
oxide bodies.

Figure 13 – Formation of chert-free BIF. A: Deposition of hydrous iron silicates (e.g.
nontronite) with discontinuous laminae of iron oxides; B: Disassociation of iron silicates
into iron oxides and colloidal silica; C: Differentiation into mesobands by settling of iron
oxides and accumulation of silica beneath oxide laminae; D: Dehydration and
compaction. Loss of water by diffusion, and escape of colloidal silica through fractures
(Lascelles, 2002).
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Opponents argue that the model cannot account for martite-goethite ores found
directly beneath weathering surfaces, or the setting of most microplaty ores within fold
structures, faults, or shear zones (Clout and Simonson, 2005). Lacelles (2002) also
acknowledges that the model cannot account for all ores, and several are of probable
hydrothermal origin. The syngenetic model for formation of high-grade ores is generally
rejected.

1.6.3.2 Modern to Ancient Supergene
It is generally accepted that marite-goethite ores are formed by modern supergene
leaching and replacement of BIF (Morris, 1980, 1985). The model proposes that the
formation of high-grade ores is attributed to the residual concentration of Fe. This is
achieved via leaching of gangue by deep circulating ground water below current or
ancient weathering surfaces. It does not imply lateritization (Morris, 1993).
The best model for the modern supergene formation of martite-goethite ores is
proposed by Morris (1980, 1985, 2002) (Figure 14). Firstly, a folded, fractured, or
faulted BIF is required to provide a fluid pathway from surface to the host BIF. If this
requirement is met, then groundwater can form a giant hydrodynamic electrochemical
cell. During wet seasons, upper BIF experiences cathodic reactions (4e- + O2 + 2H2O "
4OH-), where magnetite layers in BIF act as electron conductors and groundwater serves
as the ionic transfer agent. Iron leached in the upper layers as ferrous iron is carried via
the fluid pathway(s) deeper into the system. As water flows through the pathway(s),
chert, silicates, carbonates, and other gangue minerals are gradually replaced and/or
leached from the BIF. The result is local stratigraphic thinning of the BIF and increase
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in porosity, increasing fluid pathways. Gangue is replaced at depth by goethite through
anodic oxidation of ferrous iron (Fe2+ " Fe3+ + e-), followed by ferrolysis reactions (Fe3+
+ 3H2O " Fe(OH)3 + 3H+). During this stage, magnetite is oxidized to martite. Silica
dissolution occurs more rapidly at depth due to cyclical periods of reduction/oxidation
and combination with Fe2+, and is lost as silicic acid (H4SiO4).

Figure 14 – Diagram showing the steps involved in the formation of marite-goethite iron
ores via supergene leaching of BIF (Morris, 1998).
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Ancient supergene-derived hematite ores are found beneath major unconformities,
and grade downwards into unaltered BIF or underlying lithologies (Beukes et al., 2002)
(Figure 15). Deposits of the Transvaal Supergroup in South Africa (such as Sishen,
Beeshoek, and Manganore) exhibit textures consistent with this model.

Figure 15 – Schematic column though a high-grade iron ore deposit derived from
supergene fluids (Beukes et al., 2001).
The Sishen-Beeshoek hematite deposits in South Africa occur directly beneath the
major regional 2.18-2.2 Ga Gamagara unconformity (Beukes et al., 2002). These
deposits grade downwards into unmineralized BIF. High-grade deposits are developed
where the unconformity transects BIF, and are thought to be formed from pre-Tertiary
supergene leaching at that boundary. The largest of these deposits is Sishen, which has a
resource of 1690 Mt at 64.8 wt % Fe (Clout and Simonson, 2005). The Sishen deposit
developed where BIF slumped unto karstic structures of the underlying Campellrand
Dolomite (Figure 16). As a result of this slumping, beds within the iron formation are
often brecciated or highly contorted. The siliceous chert Wolharrkop Breccia occurs at
the dissolution surface between upgraded-BIF and the dolomite. The ore is overlain by
conglomerates and aluminous shales. The conglomerates contain clasts of reworked pre-
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enriched BIF as a result of the slumping, and this slumping has resulted in the
conglomerate being thickest where it is most depressed.

Figure 16 – Schematic cross section of the Sishen Deposit, South Africa (Clout and
Simonson, 2005).
The supergene-enriched BIF is predominantly hard microcrystalline massive
hematite (accounting for 58% of the total resource), and laminated martite (18%). The
conglomeritic ore accounts for 16% of the total resource. Evidence for the supergene
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enrichment is supported by #18O values in hematite ranging from -3 to +3 per mil
(relative to SMOW) – suggestive of meteoric water, HREE enrichment, and positive Ceanomalies in the ore, when compared to the parent BIF.

1.6.3.3 Supergene-Metamorphic
The supergene-metamorphic model was the accepted model for the genesis of
martite-microplaty ores in the Hamersley Province throughout the 1980s and 1990s.
Developed by Morris (1980, 1985, 2002), it was suggested that the original gangue was
replaced by goethite via the electrochemical processes discussed in the previous section.
The ores could then be subjected to burial metamorphism at diagenetic levels (~100°C),
and dehydration could partially or totally convert supergene-derived goethite to
microplaty hematite. Subsequent exposure and dissolution of the remnant quartz and/or
goethite by groundwater would result in a porous orebody of high-grade hematite. This
model has been contested, and is no longer considered valid, with a supergene-modified
hypogene model now being preferred.

1.6.3.4 Hydrothermal and Supergene-Modified Hypogene
The supergene-modified hypogene model has gained increasing support over the
last few years. It is currently the preferred model for the microplaty hematite ores of the
Hamersley Province. Unlike supergene ores, hydrothermal ores grade from the bottom
upwards into non-enriched BIF (Figure 17) (Beukes et al., 2002). They have no
relationship with ancient unconformities. Supergene-modified ores exhibit hard hematite
bodies enveloped in friable saprolitic ore that was derived by the supergene alteration of

31
hypogene-altered BIF. A wide variety of hypogene models have been proposed, with the
main differences being in the timing of the hypogene alteration and deformation,
importance of a carbonate protore, and the type(s) of fluid responsible.

Figure 17 – Schematic columns though hydrothermal and supergene-modified iron ores
(Beukes et al., 2002).
The first model presented was proposed by Barley et al. (1999), and Hagemann et
al. (1999), with recent input by Thorne et al. (2004). The model presents two stages of
hypogene alteration, followed by a period of supergene alteration (Figure 18). It is based
upon fluid inclusion studies, hydrothermal alteration patterns, and stable isotope studies
at the North deposit at Mount Tom Price, Pilbara Craton, Australia. Stage 1a involves
ascending basinal brines at 150-250°C. This would cause desilication of original chert
bands, upgrading the original BIF, with 35 wt % Fe, to a magnetite-siderite-iron silicate
BIF. Stage 1b involves ascending brines with higher temperatures (200-300°C). This
causes alteration of the BIF to hematite-ankerite-magnetite, and the formation of some
microplaty hematite. Fluid inclusion studies by Thorne et al. (1999), suggest that the
higher brine temperatures may be as a result of a magmatic component, though more
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study is needed. Stage 1c involves lower temperature ascending brines (~120°C) with
less volume than previous stages. These lower temperature brines form the assemblage
martite-microplaty hematite-apatite. The dissolution of ankerite causes the resulting iron
formation to be porous. Stage 2 involves supergene enrichment via descending meteoric
water at <100°C during the Tertiary. This water alters the iron formation to martitemicroplaty hematite-goethite, and any residual apatite and ankerite is removed.

Figure 18 – Four stage model for the formation of high-grade iron ore at the North
deposit, Mount Tom Price, Australia (Clout and Simonson, 2005).
Taylor et al. (2001) also proposed a four stage model for Pilbara deposits, but
with a few differences. Stage 1 involves the initial ascent of brines, to cause
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hydrothermal alteration of primary BIF silicates with siderite to magnetite-carbonateapatite. During stage 2, significant amount of low-salinity meteoric water circulates to
oxidize siderite to microplaty hematite, and magnetite to martite (resulting in a
composition of microplaty hematite-martite-apatite-ankerite). During stage 3, carbonates
and any remaning silicates are leached, to form an iron formation comprised of
microplaty hematite-martite-apatite. Stage 4 involves further leaching of apatite, but via
supergene processes. This results in a final product of high-grade microplaty hematite
ore. The timing of the mineralization is proposed to postdate the Ophthalmian orogeny
(2.4-2.2 Ga), a period of extension and uplift. Its lower constraint is 752 ± 10 Ma, taken
from a dolerite dike that has contact metamorphosed the ore around it.
A third model was also suggested for the Pilbara. Proposed by Li et al. (1993),
Martin et al. (1998), and Powell et al. (1999), it involves hypogene synorogenic
hydrothermal fluids and alteration of microplaty hematite ores. The mineralizing fluids
are the result of oxygenated meteoric waters mixing with basinal fluids expelled from
deeper levels of a foreland basin. This occurred during the regional compression phase
of the Ophthalmian orogency. This synorogenic model was supported by Oliver et al.
(1998), who suggested that the synorogenic interaction of deep-seated orogenic fluids
with supergene water in the Proterozoic upgraded the BIF.
Dalstra et al. (2003) and Dalstra and Guedes (2004) proposed that all high-grade
hematite ores are a part of a unified genetic group. They compared the previously
mentioned N4E deposit (Carajas district), Mount Tom Price (Hamersley province),
Krivoy Rog (Ukranian Sheild), and Thabazimbi (Transvaal, South Africa). The deposits
show many similarities, including high-porosity, sharp ore-BIF contacts, evidence of
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volume loss in ore, intense folding in the ores, and extensive Fe-Mg metasomatic
alteration of the underlying rocks (Taylor et al., 2001). As deposits from Carajas
Thabazimbi, and the Hamersley province have already been described, a brief description
of Krivoy Rog will follow, followed by a description of the unified genetic model.
Krivoy Rog occurs within the Ukrainian Shield (Dalstra and Guedes, 2004). Premining reserves were ~4700 Mt at ~ 64 wt % Fe. The ores occur in a tight synclinorium
that rests on Archean basement. They are hosted within the Saksagan suite, which
averages 36 wt % Fe. Three main ore types have been identified by Belevtsev (1973): 1)
magnetite and magnetite-amphibole ore of variable iron content that has reached
amphibolite to granulite facies metamorphism; 2) martite-rich ores (55-70% Fe) of a
lower metamorphic grade; and, 3) hydrated goethite-rich ores confined to the surface, or
to an ancient weathering surface (Figure 19). The martite-rich ores grade downwards
into carbonate-magnetite or chlorite-magnetite protores with grades of 50-57% Fe.
Where complex deformation occurs, cummingtonite is associated with the ore, and it is
thought that a complex network of mineralized pipes and stockwork-like iron ore
underlies the deposit. Unlike many other high-grade hematite ores, Krivoy Rog has a
significant magnetite content, a characteristic it shares with the Mary River district and
the Aridongri distict in India. All three districts have also experienced high-temperature
amphibolite alteration.
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Figure 19 – Schematic cross-section of Krivoy Rog, Ukraine (Dalstra and Guedes, 2004).

Dalstra and Guesdes (2004) propose that the precursor to these high-grade ores is
always magnetite-carbonate-amphibole, magnetite-carbonate, and hematite-carbonate
(Figure 20). The model proposes early hydrothermal depletion of silica, and the
introduction of Ca-Fe-Mg carbonates, followed by supergene leaching of carbonates to
produce a high-grade ore. The deepest protores, such as Krivoy Rog, are characterized
by reduced magnetite-amphibole-siderite assemblages, and formed at deeper levels with
the hottest fluids (>500°C). Intermediate deposits, such as Mt. Tom Price and
Thabazimbi, have a combination of reduced magnetite-siderite and oxidized hematiteankerite protores that formed at moderate temperatures (150-320°C). The shallowest
deposits, such as Carajas and Quadrilatero Ferrifero, are characterized by cool
temperatures and oxidized hematite-dolomite-calcite assemblages. The deepest ores
show evidence of being sourced from below. There is no change in the oxidation state of
host rocks and protore. In contrast, shallower ores display evidence for a supergene fluid
source. Where both deep and shallow protores occur, it is suggest that hematite
assemblages overprint early magnetite precursors. Within deposits rich in magnetite, fo2
is thought to be buffered by graphite, and has been found interbedded with ore at Mt.
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Tom Price. The addition of oxygen, possibly from meteoric water, would exceed the
buffer capacity of graphite to form hematite-carbonate protores.

Figure 20 – Schematic diagram showing the possible genesis and continuum of protores
to produce high-grade ores (Dalstra and Guesdes, 2004).
The rocks host to these deposits are intensely altered, typically showing addition of
Mg-Fe. Carbonate, chlorite, and talc are the major alteration minerals. At Carajas, the
occurrence of dolomite is used as evidence for temperatures below 300°C, and the

37
primary igneous texture of underlying basalts has been completely obliterated by
chlorite-carbonate-hematite alteration. Slightly higher temperatures at Mt. Tom Price
results in chlorite-hematite-talc alteration within intrusive dolerite dikes and shales
adjacent to the ore. Krivoy Rog displays the highest temperature of alteration, with
cummingtonite dominating the wall rock alteration. This suggests temperatures of
>400°-500°C. This alteration is intense, and totally overprints the original composition
to form monomineralic assemblages.
The combination of the different protores types and Mg-Fe metasomatism suggests
that the hydrothermal system was fluid dominated, had a source of abundant magnesium
and to a lesser extent iron, and was strongly undersaturated with silica. The proposed
source of ore-forming fluids is derived from the host rocks. At many high-grade hematite
deposits, dolomite or dolomite-talc sequences underly the deposits. It is thought that
channeling of heated alkaline brines derived from carbonate aquifers may leach silica.
Rosiere and Rios (2004) suggested a synorogenic origin for ores of the Quadrilatero
Ferrifero based upon petrographic analysis and fluid inclusion studies at the Conceicao
iron ore deposit, located in the northern part of the province. Their model proposed three
distinct stages of formation involving differing hydrothermal fluids and metamorphism
and deformation processes (Figure 21). The ore is thought to have formed during the
Transamazonian orogeny (ca. 2.1-2.0 Ga), the main regional metamorphic event, and is
associated with development of a dome-and-keel province. The initial stage of formation
involves low-salinity fluid that upgraded the parent BIF to a magnetite-rich ore. This is
thought to have occurred during the contractional stage of the orogeny. The second stage
involves oxidation of magnetite to martite via low-temperature, low- to medium-salinity
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Figure 21 – Conceptual model for the formation of high-grade iron ore in the
Quadrilatero Ferrifero (Rosiere and Rios, 2004).
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hydrothermal fluids of meteoric(?) origin. These fluids are thought to move downwards
from surface to the ores via faults and fractures produced during the extension and uplift
phase of the orogen. The third stage involved pervasive recrystallization of the martite to
interlobate and polygonal granoblastic textures. Peak thermal metamorphism associated
with an extensional phase of the orogen occurred at this time. This resulted in the
juxtaposition of hot basement against cool supracrustals, and extensive plutonism. The
formation of late tabular hematite and specularite schistose ore in zones of intense
deformation is attributed to the much later Brasiliano/PanAfrican orogenies (ca. 0.8-0.6
Ga). Low-temperature (~120°C), high salinity fluids (>20 wt % NaCl equiv) penetrated
along shear zones to form the tabular hematite. High-temperature (~350°C), and highsalinity fluids are attributed to the formation of the specularite schists via hematite basal
gliding. Rosiere and Rios (2004) also suggest that SiO2 must have been leached from the
system during the Brasiliano event, and it is probably that Fe2+, Ca2+, and Mg2+ were
added, possibly derived from dolomitic rocks at depth.
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CHAPTER 2
GEOLOGY OF THE MARY RIVER DISTRICT, NORTHERN BAFFIN ISLAND

2.1 General Statement
The objective of this chapter is to describe the geology of the Mary River District
as represented on IOL PI-17 (Map 1). Emphasis is placed on regional structures and
tectonostratigraphy. Supracrustals of the 2.76-2.71 Ga Mary River Group form the
northeastern segment of the Committee Bay Belt, and correlate with the Prince Albert
and Woodburn Lake Groups. In general, lower volcanic rocks and upper sedimentary
rocks characterize the succession, with iron formation forming a prominent marker. The
group is strongly overprinted by the Transhudson orogeny, with keels of Mary River
Group bordering high-grade gneiss domes cored by reworked Mesoarchean basement.

2.2 Regional Geotectonic Setting
The Northwestern Churchill Province comprises a vast area extending from northern
Saskatchewan to Greenland (Stockwell, 1982; Hoffman, 1988) (Figure 22). It is
subdivided by the Snowbird tectonic zone into two Archean cratons: the southern
Neoarchean Hearne, and the northern Mesoarchean Rae. The Rae craton is bound to the
north by the Paleoproterozoic Thelon Tectonic Zone and the Archean Queen Maud
Block. To the south, it is bound by the Paleoproterozoic Baffin Orogen (Figure 23). The
Baffin Orogen represents the northeastern portion of the Transhudson orogeny, a
Himalayan-scale collisional event that sutured the Superior Province with the Churchill
Province (Henderson et al., 1980; Hoffman, 1990a, b; Jackson et al., 1990a, b; St-Onge et
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Figure 22 – Regional geology of the Churchill Province (Berman et al., 2005).
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Figure 23 – Major Archean and Paleoproterozoic terranes and zones on Baffin Island,
Nunavut (Jackson and Berman, 2000).
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al., 1999). The deepest crustal exposure on Baffin Island forms the Dexterity Granulite
Belt, immediately footwall to the Isortoq Fault Zone, bounding the Foxe fold and thrust
belt.
The Rae Domain is defined by the occurrence of Archean greenstone belts that
contain abundant komatiites and associated quartzites. These belts are separated by
extensive Neoarchean volcanic and intrusive complexes, and have undergone significant
reworking during the Proterozoic (Stockwell, 1982). Typically, Mesoarchean plutonic
crust forms the structural basement to all tectonically overlying supracrustals. These
supracrustals extend discontinuously from Lake Athabasca (Murmac Bay Group) to
northwestern Greenland (Lauge Koch Kyst). The Committee Bay Belt (CBB), found
within the central Rae, is comprised of a group of these sequences that extends from
Baker Lake to Greenland.
The ca. 3.0-2.5 Ga CBB is characterized by greenschist-to upper-amphibolite-facies
supracrustals intruded by voluminous felsic plutons (Jackson and Taylor, 1972; Jackson
and Berman, 2000). It includes the MRG on Baffin Island, and correlative Prince Albert
(PAG) and Woodburn Lake groups (WLG) on mainland Nunavut (Figure 24) (Heywood,
1967; Jackson, 1966; Jackson and Taylor, 1972; Berman et al., 2005; Johns and Young,
2006). The iron formations of the MRG are the main focus of this thesis, and will be
discussed in greater detail.
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Figure 24 – Comparison of stratigraphy between the Mary River (MRg), Prince Albert
(PAg), and Woodburn Lake (WLg) groups of the Committee Bay Belt (Johns and Young,
2006).
The Woodburn Lake Group (WLG) comprises the southwestern domain of the CBB.
The group overlies 2.87 Mesoarchean basement gneisses, and is comprised of a 27402630 Ma Neoarchean volcano-sedimentary assemblage that is unconformably covered by
Paleoproterozoic sedimentary rocks dominated by quartzite (Zaleski et al., 1999; Zaleski
et al., 2001). It is primarily comprised of complexly deformed bimodal komatiitic-felsic
volcanic sequences, greywacke assemblages, abundant quartzites, and lesser iron
formations and mafic volcanic rocks. Quartzite units occur in close association with iron
formation and komatiite, suggesting a stratigraphic package similar to the MRG.
The Prince Albert Group (PAG) comprises the central domain of the CBB. The
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group is thought to overlay Mesoarchean basement gneiss, and is comprised of a 2730–
2690 Ma Neoarchean volcano-sedimentary assemblage (Skulski et al., 2003). It is
comprised of a lower volcanic-dominated sequence of basalt, rhyolite lapilli tuff, and
komatiite, a middle mixed sedimentary-volcanic sequence of wacke, pelite, iron
formation, and quartzite, intermixed with intermediate to felsic tuffs and ultramafic sills,
and an upper sedimentary sequence of wacke and semipelite.

2.3 Tectonic Framework for Northern Baffin Island
The geology of significant parts of northern Baffin Island is only known at a
reconnaissance level, more detailed studies with associated geochronology have been
restricted to southern Baffin Island (e.g. St-Onge et al., 2000), central Baffin Island (e.g.
Henderson et al., 1989), and Eqe Bay (e.g. Bethune and Scammell, 2003a).
Accordingly, few dates are available for Mary River District, or for the MRG itself. As a
result of stratigraphic and metamorphic similarities to the rest of the CBB, dates reported
across the CBB provide the best framework for timing of events.
The CBB, and thus the MRG, has been variably affected by three Archean crust
building events (Jackson and Morgan, 1978; Jackson, 2000; Jackson and Berman, 2000).
The first event occurred between ca. 3.0-2.8 Ga, and overprinted Mesoarchean basement.
Evidence includes a ca. 2.85 Ga felsic pluton on Baffin Island, ca. 2.85 Ga zircons from
conglomerate in the Eqe Bay area on Baffin, ca. 2.9 Ga felsic volcanic rocks on the
Melville Peninsula, and ca. 3.0-2.81 Ga detrital zircons in quartzites in the WLG (Frisch,
1982; Jackson et al., 1990a; Bethune and Scammell, 1997; Davis and Zaleski, 1998).
The second event is represented by deposition of the major supracrustal sequences
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(MRG, WLG, and PAG) at ca. 2.76-2.63 Ga. The age of volcanism in the MRG is based
on three U-Pb zircon dates. A sample of a dacitic tuff yielded a precise date of 2719+5/-3
Ma (Jackson et al., 1990a). A sample of MRG amphibolite yielded a date of 2734+59/45 (Jackson, 2000). A U-Pb zircon date of 2752±30 was obtained in the Eqe Bay area for
a felsic volcanic rock in the MRG. Rb-Sr isochron dates of MRG metasedimentary and
mafic metavolcanic rocks yield dates of 1971±97 registering early Transhudson
metamorphism (Jackson, 2000). U-Pb zircon ages of 2726-2702 Ma have been
determined for granitic-intermediate rocks that intrude the MRG (Jackson and Morgan,
1978; Jackson 2000). The ca. 2.7 Ga felsic plutonism is considered to be the upper limit
for deposition of the MRG. It is supported by evidence across the CBB, where monazite
inclusions are found within garnet porphyroblasts, although it is much younger (ca. 2.612.58 Ga) on the mainland (Berman et al., 2010a). Plutonism and the 2.85 Ga
Mesoarchean crustal building event suggests that the MRG is 2759-2718 Ma, roughly
equivalent to the WLG and PAG (see Figure 24, Table 2).
WLG
PAG
MRG
2620 Ma
2610 Ma?
2709-2600 Ma
Upper Granite
(Zaleski et al.,
(Skulski et al.,
(Jackson, 2000)
1999)
2003)
2710 Ma
2711 Ma
Dacitic Tuff 2
(Johns and Young,
(Sanborn-Barrie et
?
2006)
al., 2003)
2720 Ma
2718 Ma
Dacitic Tuff
(Johns and Young,
(Jackson et al.,
?
2006)
1990a)
2734 Ma
2732 Ma
2735 Ma (basal
Basal Komatiite
(Johns and Young,
(Sanborn-Barrie et
amphibolite)
2006)
al., 2003)
(Jackson, 2000)
2870 Ma
>2718 Ma
Mesoarchean
2851 Ma
(Zaleski et al.,
(Sanborn-Barrie et
Basement
(Jackson, 2000)
1999)
al., 2003)
Table 2 – Ages of correlative units across the CBB.
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A cryptic high-grade event at ca. 2.55-2.5 Ga is defined by a cluster of age dates
around that period (Jackson and Morgan, 1978; Jackson 2000). This includes ca. 2.54
SHRIMP analysis of a zircon from a charnockite on northwestern Baffin Island, a whole
rock Rb/Sr isochron age of 2476±70 of migmatite within the Mary River District, and ca.
2.56-2.5 Ga zircon and monazite inclusions from a metapelite north of Baker Lake.
The major regional metamorphic overprint is related to the ca. 1.9-1.8 Ga Baffin
Orogen (Jackson and Morgan, 1978; Jackson 2000). The Baffin Orogen led to the
formation of the ca. 1.86 Ga Cumberland Batholith, which cores the orogen, and ca.
1.85-1.83 Ga thrusting of the Foxe fold belt over the Dexterity Granulite belt in central
Baffin. Bethune and Scammell (2003b) divided the event into three main stages, based
on geochron determinates in the Eqe Bay area. They propose that stage 1 (ca. 1850-1845
Ma) was characterized by contractional deformation and early northwest-directed
thrusting. During stage 2 (ca. 1.83-1.82 Ga) there was continual contraction and peak
metamorphism was attained at 1825 Ma, reaching upper-amphibolite to granulite facies.
During this time, burial occurred, and there was significant crustal anatexis accompanied
by tectonic thickening of crust. Stage 3 (<ca. 1819 Ma) was a period of extension and
exhumation characterized by brittle faulting. Late 1773 Ma thermal nodes are also
recorded (Sanborne, 2003).
The prolonged Mesoarchean-Neoarchean history and involvement in the
Paleoproterozoic Transhudsonian overprint has resulted in a polydeformed terrane. It is
typical to recognize four stages of deformation within the Mary River District (Johns and
Young, 2006; MacLeod and Duke, 2009b). D1 deformation is characterized by S1
bedding-parallel foliations, and variably preserved isoclinal F1 folds. S1 is folded in the
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hinge zones of F2 folds and these define keels of MRG. It is likely that F1/F2 folds relate
to Neoarchean cratonization. The steep F1/F2 isoclinal folds are overprinted by a
recumbent nappe-style fold regime that imposed strong sub-horizontal gneissic layering
forming the dominant S3 fabric. Regional F3 folds form the dominant culminations, such
as at Mary River and McQuat Lake. Late (S4) mylonite foliations overprint S3
gneissosity and give rise to strongly lineated tectonite along keels of MRG. This S4
fabric is related to late extension of the Transhudson orogen, and is the result of
accommodation of movement on shear zones across the brittle/ductile interface. D4
deformation is characterized by localized kink- and chevron-style folds developed where
S3 gneissosity has been transected by late crenulation cleavages. Late normal faulting,
such as the Central Borden Fault, follows the NW-SE trending Hudsonian metamorphic
grain and controlled the orientation of the 723 Ma Franklin diabase dykes.

2.4 Geological Makeup of the MRG
The MRG is discontinuously exposed from Grant-Suttie Bay-Scott Inlet region,
northwards into Eclipse Sound and Bylot Island (Figure 25). It is preserved in lenticular
bodies up to 65 km in length. Supracrustal assemblages of Archean age MRG occur in
structural keels bordering domal bodies of Archean plutonic gneiss and migmatite. The
keels define narrow synclinoria, but due to complex deformation there is loss of evidence
for younging directions. Studies by Blais (1964), Jackson (1965, 1969), Crawford
(1973), Young et al. (2004), Johns and Young (2006), MacLeod and Duke (2009a, b),
Duke (2010), and MacLeod (2010) have attempted to determine the stratigraphic position
of the lithological units. The mapping in the immediate Mary River area is displayed in
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Figure 25 – Geology of north-central Baffin Island. CBF = Central Borden Fault;
PF = Piling Fault Zone; IF = Isortoq Fault Zone (Jackson and Berman, 2000).
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the accompanying 1:50,000 scale map of IOL PI-17 (Map 1, see insert).

2.5 Basement Complex
Mixed felsic-mafic gneisses form the basement to MRG supracrustals. Jackson
(1966, 1969, 2000) and Crawford (1973) classified the basement as consisting primarily
of nebulitic granitic migmatites intruded by granite to tonalitic orthogneiss as well as late
undifferentiated felsic gneisses and plutons of Hudsonian age. MacLeod and Duke
(2009a, b) subdivided basement gneisses based on fabric into dome core, dome margin,
and massive augen gneiss sheets. The deep crustal cores are composed of variable
generations of polydeformed flow-folded mixed mafic-felsic gneisses, dominated by
Jackson’s nebulitic granitic migmatite (Figure 26A-B). A Nd-model age of 3.7 Ga (mean
of 3.3 Ga) was determined for nebulite (Jackson et al., 1990; Jackson and Berman,
2000). These migmatites include elements of younger tonalites and Hudsonian
leucosome. These granitoids have been strongly reworked by the 2.85 Ga, 2.55 Ga, and
1.85 Ga events, as determined by a U-Pb zircon age of 2851+20/-17 Ma for a foliated
tonalite. K-Ar mineral ages ranging from 1753 Ma to as young as 1615 Ma for both
nebulites and tonalities are considered cooling ages associated with the Transhudson
event (Jackson, 2000).
At increasingly shallower structural level at dome margins, low angle S3 spacedcleavage becomes more penetrative, resulting in transposition of convoluted flow-folded
gneiss into sub-horizontal straight gneiss (Fig. 26C). As the early flow-folding becomes
eradicated, sheets of foliated K-feldspar augen gneiss occur parallel to S3 layering. These
augen gneisses are interlayered in lit-par-lit fashion with mafic straight gneiss (Fig. 26D-
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Figure 26 – A: Flow-folded mixed mafic-felsic gneiss dominated by Jackson’s nebulitic
migmatite. B: Mafic gneiss with injected leucosomes. C: Outcrop where flow-folding
becomes transposed into subhorizontal augen gneiss. Note injected Hudsonian
pegmatites. D: Augen gneiss interlayered in lit-par-lit fashion with mafic gneiss. E:
Change of mafic bands to amphibolite (derived from MRG basalts?). F: Mylonitic augen
granite. All shots taken from the dome that cores the McQuat Lake synform, except D
and E which were taken east of Deposit 3 in the dome that cores the Mary River synform
(photos courtesy of N. Duke).
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E). Augen gneisses locally transit into massive augen granite of Transhudsonian
generation, and both are crosscut by late undeformed pegmatitic dykes. The
subhorizontal fabric is interpreted to be Hudsonian in age. Late decompression melting
accompanying unroofing formed late pegmatites.
At the boundary against MRG keels, massive augen granite sheets take on a strong
mylonitic foliation (Fig. 26F). The mylonitic augen granite is characterized by shredded
porphyroclastic augen and discontinuous quartz laminae. The mylonite deformation
causes reduction of the coarse feldspar augen and gives rise to shredded feldspar
aggregates. Ductile flow of quartz gives rise to monomineralic quartz seams and growth
of quartz eyes to produce a blastomylonite. With increasing strain, potassium feldspar is
eradicated to form quartz eye muscovite schist immediately adjacent to steeply dipping
panels of the Mary River succession. The sequence of flow-folded mix gneiss to lit-parlit straight gneiss to mylonitic augen granite is exceptionally preserved north of Deposit
4.

2.6 Tectonostratigraphy of Neoarchean Mary River Group
Supracrustal keels of the MRG consists of a polydeformed sequence of lower
psammitic to calc silicate wacke overlain by komatiite and quartzites. Iron formations
occur at the wacke-komatiite boundary. The high-grade iron ore deposits are hosted
within the well-developed Algoma-type banded iron formation (BIF). Definition of a
specific stratigraphic sequence has been problematic due to lack of preservation of
younging directions because of the strong Hudsonian overprint. The current
interpretation is based on the regional mapping pattern (see Map 1). It is noted that
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aluminous gneiss and ‘ore zone’ chlorite schist are not members of the MRG. While
silicate facies iron formation characterized by massive grunerite does occur, where
mapped in the immediate footwall of high-grade ore it is now considered to be ‘ore zone’
chlorite schist having a direct genetic relationship with the formation of the high-grade
iron ore7. Both the ‘ore zone’ chlorite schist and footwall aluminous gneiss are
considered to be formed by hydration along the dome/keel boundary. Both of these rock
types are discussed in detail below and in Chapter 3.

2.6.1 Basal Amphibolite
Amphibolite comprises ~ 25% of the map area and is not part of the supracrustal
keels. The unit is typically massive, though layering is locally defined by higher
plagioclase content. Rock types include amphibolitic basalt (Ab), and amphibolitic
komatiite (Ak). The amphibolitic basalt with rarely preserved remnant pillows forms
significant domains in the central map area between Deposits 1-3 towards the Glacier
Lakes area and in the vicinity of Deposits 4-5. Pillows are especially well preserved in
the core of the McQuat fold closure (Figure 27A). Amphibolitic komatiite is best
preserved west of the Deposit 1 closure (Figure 27B).

2.6.2 Metasedimentary Rocks and Calc Silicate Wacke
Metasedimentary rocks (mapped as greywacke (W) on the map) are considered
the structurally lowest unit of the supracrustal keels of MRG. Wacke is a field term used
to describe metasedimentary rocks that are banded quartz-feldspar-biotite gneisses that
7

An exception is the Deposit 5 area, where mapped SIF is now considered to be
komatiitic schist.
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Figure 27 – A: Amphibolite with relict pillows as seen in the McQuat Lake synform B:
Cordierite-anthophyllite schist, along the Central Borden Fault zone south of Deposit 1.
C: Close-up of a psammitic unit displaying F2 fold hinges and S1 parallels bedding, taken
south of Deposit 4. D: Biotitic greywacke with calc-silicate bands taken south of Deposit
1 along the Central Borden Fault. E: Oxide-facies BIF taken west of Deposit 3. F:
Enriched oxide-facies BIF demonstrating loss of silica banding, taken west of Deposit 3.
(photos courtesy of N. Duke)
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are likely of turbiditic origin (Fig. 27C). They locally weather a distinct brown colour
due to pyrite. Locally, biotitic wacke stems from a semipelite precursor.
Calc-silicate wackes displaying prominent banding occur where metasedimentary
rocks borders on BIF. Layers are typified by hornblende+actinolite or quartz. It is
thought that the calc-silicates result from an impure carbonate component in the primary
sediment (Fig. 27D).

2.6.3 Iron Formation
Oxide-, silicate-, and rare carbonate-facies iron formation are well-developed
within the MRG. Thickness of the unit varies up to >100 m, and can be traced
continually for tens of kms. Oxide-facies is characterized by mm-cm scale banding of
magnetite (± hematite ± specularite) + chert (Fig. 27E, F). Silicate-facies iron formation
units form discrete members with oxides facies, contacts may be sharp or gradational.
Silicate facies BIF is characterized by finely laminated quartz, cummingtonite-grunerite,
and magnetite. Locally, massive silicate BIF is composed of coarse (15 cm)
garbenschiefer bowties and radiating splays of brown cummingtonite-grunerite with
interstitial chlorite (Fig. 28A, B). The rare carbonate-facies is characterized by thin beds
of siderite with magnetite.
High-grade iron ore is characterized by tabular bodies up to 200 m thick. These
bodies are composed of magnetite ± hematite ± specularite ± chlorite ± cummingtonite ±
chert, and will be further described below and in Chapter 4 (Fig. 28C, D).
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Figure 28 – A: Silicate-facies iron formation composed of massive grunerite splays south
of Deposit 2. B: Close-up of photo A. C: Massive magnetite with variable martitehematite development along fractures, and yellow-brown weathering from surface
waters. Taken at the bulk sample pit, Deposit 1. D: Crenulated specularitic schist along a
Hudsonian ductile shear zone at the western margin of Deposit 4. E: Komatiite replaced
by serpentine-magnesite south of Deposits 2 and 3. F: Komatiite-quartzite units showing
dome-and-basin interference folding at the base of Deposit 1. (photos compliments of N.
Duke)

57
2.6.4 Komatiite
Komatiite units (K) are abundant within the map area. The individual flows are
typically thin (< 10 m), and are defined by fine-grained, quenched flow tops (Fig. 28E).
Spinifex textures at flow tops are rarely preserved but have been identified by Jackson
(2000). The bases of flows are olivine-rich and serpentinized. The best-preserved
komatiite sequences occur along the Central Borden Fault southeast of Deposit 1. A
folded komatiite dome/quartzite basin sequence is preserved below Deposit 1. It was
identified as a megabreccia by Jackson (2000) (Fig 28F), but mapping by Lindberg and
Pothier (2011) proved interference folding. MacLeod and Duke (2009) interpreted this
structural domain as upper stratigraphic members of the MRG overthrust by wacke and
iron formation. All komatiites within the map area have been metamorphosed, and use of
the term metakomatiite within this text is restricted to units that have been
amphibolitized.

2.6.5 Quartzite
Quartzite (Q) units occur as thin tectonic slivers across the map area (Fig. 28F).
The quartz content varies from 95%, where the unit borders on augen granite north of
Deposit 4, to 65%, where it borders on gneiss in the Deposit 5 area. Within the Deposit 5
area, the unit takes on a distinct mylonitic and schistose fabric, and is characterized by
quartz+muscovite schist. The quartzite footwall to Deposit 1 is quartzofeldspathic in
composition.
Quartzites have proven to be the most problematic of all the units of the CBB as they
have various stratigraphic positions. Similarities to Hurwitz-Amer quartzite on mainland
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Nunavut leads to speculation that these quartzites are tectonic slivers of the
unconformably overlying Paleoproterozoic Piling Supergroup on central Baffin Island.

2.7 Boundary Setting with Respect to High-Grade Iron Ore
The detailed geology of sites of high-grade iron ore comprising Deposits 1-6 are
discussed in this section. The major structures include: 1) the Mary River Synform, host
to Deposits 1-3; 2) the McQuat Synform, host to Deposits 4-5; and, 3) the poorly exposed
Glacial Lakes Synform, host to Deposit 6. These synforms preserve supracrustal keels of
MRG, and occur as moderately east-plunging fold closures at the western terminations of
polyphase gneiss domes. The bordering infrastructural gneisses include late red
pegmatitic to aplitic granite, and granitic augen gneiss marginal to mixed mafic-felsic
flow-folded gneisses that core the domes. The high-grade iron ore is associated with
footwall ‘ore zone’ chlorite schist, developed where BIF occurring within a metawackeBIF-komatiite-quartzite sequence borders directly on mylonitic infrastructural gneiss.
Notably, greater concentration of high-grade ore is associated with a greater occurrence
of komatiite.

2.7.1

Mary River Synform
The Mary River Synform is host to Deposits 1-3 (Map 2). The culmination of this

fold structure, centered on Nuluujaak Mountain, represents an F3-fold hinge. This hinge
is repeated by faulting and forms a second closure to the east, which is host to Deposits 2
and 3 on the northern limb. The core of both fold closures are poorly exposed but appear
to be dominated by komatiite units.

Map 2 – General geology of the Mary River Synfrom. Taken from Map 1
(MacLeod and Duke, 2009a)
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2.7.1.1 Deposit 1
Deposit 1 forms Nuluujaak Mountain, with a maximum elevation of 710 meters
a.s.l., it is a local landmark visible for kilometers in all directions (Figure 29). With an
approximate strike length of ~3,800 m, Deposit 1 is the largest and highest grade
of the known deposits. Drilling has shown that ores form near massive tabular bodies of
iron oxide ranging from 105-290 m in thickness, grading up to 72.4% Fe. The estimated
reserve of 500 mt has an average grade of 64% Fe (BIM, 2009).

North Limb

Saddle

North Limb
Extension

South Limb

Figure 29 – Deposit 1.

The L-shape of the deposit has resulted in division into a South and North Limb.
The North Limb Extension is located northeast of a topographic depression known as the
saddle zone. The limbs and extension represent the flanks of the Mary River Synform.
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The South Limb is predominantly comprised of hard, porous martite that surficial
weathering has locally altered to goethite and limonite. It strikes at 135-degrees and dips
68-degrees to the northeast. The fold nose, separating the South and North limbs, is
typically enriched iron formation. The North Limb is predominantly comprised of
massive, hard magnetite with local specularite and has associated footwall sulphidization.
It strikes at ~030-degrees and dips 76-degrees to the southeast. The North Limb
Extension is comprised of high-grade magnetite interleaved with specularite and BIF.
Massive martite forms specularite schist where subject to late shearing. The ore body
includes islands of the original BIF.
Persistent footwall chlorite schist units separate high-grade ore from
infrastructural mylonitic gneiss (Figure 30). The mylonitic gneiss is structurally
underlain by a panel of F2-F3 egg-crated komatiite-quartzite. This panel of aluminous
gneiss is comprised of chlorite retrograded quartz-eye mylonite overgrown by staurolite
and garnet. Chloritization is the result of hydrated retrogression along the boundary,
forming ‘ore zone’ chlorite schist. This schist is characterized by large porphyroblasts,
with multiply foliated chlorite overgrown by idioblastic garnets up to 15 cm in diameter.
Where the unit is interleaved within magnetite, it forms units of chlorite±garnet schist
and is overgrown by coarse garbenschefer cummingtonite-grunerite.
Hanging wall komatiites are well preserved where they core the F3 fold closure
and separate the ore from the high-grade gneisses. The komatiite is serpentinized to the
south of Deposits 2 and 3, and is enriched in talc.
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Figure 30 – Generalized schematic cross section for high-grade iron ores hosted within
the MRG.
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2.7.1.2 Deposit 2
Deposit 2 outcrops along a prominent 0.6 km long ridge, and has an inferred strike of
0.4 km (Figure 31). Drilling has shown that ores can form intercepts up to 120 m, but are
typically <30 m in thickness. These intercepts are extensively interleaved with remnant
BIF and metawacke units. The high-grade iron oxide lenses are predominately
specularite and occur along contacts between enriched BIF and footwall chloriteretrograded komatiitic schist.

Figure 31 – Photo looking west at Deposit 2 with Deposit 1 in background.

Deposit 2 occurs in a similar setting to Deposit 1 with a komatiitic unit occurring on
both foot and hanging walls. Hanging wall komatiite flows are exceptionally well
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preserved, and just south of Mary River are serpentinized to produce a highly prized
carving stone in local communities.
The footwall komatiite has been retrograded, and has only been identified by drilling.
‘Ore zone’ chlorite schist is thought to separate BIF from the footwall komatiite.
Aluminous gneiss is not identified by drilling or in outcrop. However, the occurrence of
‘ore zone’ chlorite schist, and retrogression of komatiite identifies the dome/keel
boundary. Metasedimentary rocks interleaved with the ore are not seen in outcrop.

2.7.1.3 Deposit 3
Deposit 3 outcrops southeast of Deposit 2, and drilling has shown that the deposit is
predominantly composed of a series of thin lenses of specularite schist. These lenses
reach a maximum thickness of 170 m, but more typically are 60-70 m thick. The
dominance of specularite schist indicates significantly higher strain conditions on the
limbs than at the fold noses that host Deposits 1 and 2. The ore body is extensively
interleaved with units of chlorite-muscovite schist, serpentinized komatiites, BIF, and
minor metawacke. Similar to Deposit 2, ‘ore zone’ chlorite schist occurs as footwall and
well-preserved komatiitic flows are hanging wall. A major quartz vein follows the
southern BIF-komatiite contact. Similar to Deposit 1, hanging wall komatiites separate
high-grade ores of Deposits 2-3 from augen gneiss of domes. Retrograde aluminous
gneiss is not identified by drilling or in outcrop in the immediate deposit area, but
outcrops at the termination of the ore.
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2.7.2 McQuat Lake Synform
The McQuat Lake synform is host to Deposits 4 and 5 (Map 3). Similar to the
Mary River Synform, the McQuat Culmination is a first-order F3 fold closure that has a
shallow plunge to the east-southeast. It is cored by Hudsonian pegmatitic to aplitic
granite intruding amphibolite interlayered with mixed gneisses. The northern limb is an
isoclinal F2 fold that terminates to the east. Quartzite units occur on both external and
internal margins of the keel. On the north limb it is massive, but on the south limb it is
schistose. Psammitic wacke is basal to BIF, occurring as dark-grey, well-layered
quartzofeldspathic to biotitic metasedimentary rocks.

2.7.2.1 Deposit 4
Deposit 4 is hosted on the north limb of the McQuat F3 synform. It is comprised
of a series of elongated lenses that outcrop over a strike of 2.4 km, with widths ranging
from 15-77 m. Drilling has shown that high-grade ores are dominated by magnetite with
variable amounts of specularite, typically forming thin lenses (<8-20 m) but can reach a
maximum thickness of 52 m. Deposit 4 iron ores are typically heavily sulphidized with
pyrite.
Significant amounts of the iron oxide is enclosed within ‘ore zone’ chlorite schist
after retrograded amphibolite, metasedimentary rock, and BIF. It is of similar origin to
the chlorite schist units found at Deposits 1-3, and rosettes and bowties of amphibole
overgrow a chlorite-biotite matrix with or without garnet. Petrographic studies by
Fulcher (2011) also identified tourmaline-phlogopite schist. A komatiitic schist unit
occurs and a major Hudsonian pegmatite is injected at the eastern termination of the ores.

Map 3 – General geology of the McQuat Lake Synfrom. Taken from Map 1
(MacLeod and Duke, 2009a)
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This northern limb that hosts the iron ore of Deposit 4 closes at the ‘Hook.’ Here, quartzeye mylonitic sheets of augen granite transition to coarse quartz-eye muscovite schist in
contact with BIF. Highly flattened pillow basalts occur at the southern margin of this
hook.

2.7.2.2 Deposit 5
Deposit 5 is comprised of a series of lenses (A-J zones) of high-grade iron oxide
within the southern limb of the MRG forming the McQuat Lake closure. These lenses
are all located where quartzite borders on a BIF/komatiitic schist contact, and BIF is
underlain by metasedimentary rocks. Komatiite schist is retrograded into chlorite+talc+
anthophyllite schist. Pegmatite intrudes both bordering gneiss and the hanging wall
contact, whereas giant quartz veins intrude the BIF/wacke contact. Drilling and outcrop
examination has shown that the Deposit 5 lenses all have a somewhat unique character,
and there is only a limited amount of high-grade iron ore. These zones are outlined in
Table 3, and zone C is expanded upon below.
The largest of the lenses, 5C, has massive oxides enveloped by a komatiitic marker.
High-grade iron oxide reaches a maximum thickness of 115 m, and is interleaved with
pegmatite, quartz schist, and retrograded komatiite schist. The host BIF at this site is
locally magnetite-quartz gneiss, and quartz veining is pervasive. This lens is proximal to
a unique komatiite-BIF fold domain, where knolls of green-brown komatiite are
structurally interleaved with BIF. ‘Ore zone’ chlorite schist occurs where this fold
domain borders high-grade iron ore outcrops. A rare occurrence of carbonates facies
siderite-chert BIF occurs at the northern nose of this fold, and to the north between zones
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Zone

Ore Intercept

A

16 m

Predominantly specularite.

B

16 m

Predominantly specularite.

C

115 m

See above text.

D

3m

G

H

I

J

0m

Comments:

Komatiitic schist shows only limited chlorite
retrogression. Enriched BIF.

20 m

20 m

20 m

High-grade ore occurs as small pods within
enriched BIF. Schist unit is biotite-rich ‘ore zone’
schist, and locally hosts tourmaline and fine red
garnets.
Same schist units as zone I. High-grade occurs as
a dyke of coarse textured magnetite crosscutting
enveloping enriched BIF

Table 3 – Characteristics of Deposit 5 zones.

71
A and B.
Although Deposit 5 has the same tectonostratigraphic setting as Deposits 1-3, it lacks
the extensive footwall chlorite retrogression. Furthermore, except at zone C, komatiitic
units are thin and there is almost no ‘ore zone’ chlorite schist development.

2.7.3 Glacier Lakes Synform
The poorly exposed Glacier Lakes Synform of the MRG is host to Deposit 6 (Map
4). Due to significant amounts of glacial till, ores are not well exposed, however,
pinnacle exposures indicate a shallow-dipping BIF hinge similar to Deposit 1. An
extensive amphibolite unit with well-preserved pillows structurally overlies the BIF. The
exposures of high-grade ores display remarkable physical evidence for the separation of
silica from magnetite, as discussed in Chapter 5.

Map 4 – General Geology of the Glacier Lakes Synfrom. Taken from Map 1 (MacLeod
and Duke, 2009a)
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CHAPTER 3
PETROGRAPHY AND MINERAL CHEMISTRY OF HOST ROCKS TO IRON ORES

3.1 Introduction
Petrographic studies were undertaken on selected samples from across the study area
to elucidate the complex metamorphic overprint that affects the high-grade ores at
Deposit 1. This investigation focused particularly on representative samples of footwall
chloritized aluminous gneiss and ‘ore zone’ chlorite schist structurally bound to the highgrade ore. This suite was supplemented with a few samples from along the Central
Borden Fault zone (CBFZ) to better determine the regional metamorphic conditions. The
location of all samples is shown on the accompanying map (Map 1) and Appendix A.
By determining chemistry of specific mineral species, electron microprobe analyses
(EMPA) complements the petrographic descriptions. EMPA were completed by R.L.
Barnett, London, Ontario. Mineral chemistry data can be found in Appendix B, with
results presented in weight percent oxides.
Petrographic descriptions and accompanying mineral chemistry are presented in the
following tectonostratigraphic sequence: A) Mary River Group strata including
amphibolitic wacke and metakomatiite; and B) domal margins including footwall ‘ore
zone’ chlorite schist and retrograded mylonitic gneiss. The petrography and
geochemistry of the transit from BIF to eBIF to high-grade iron ores is covered in the
following chapter.
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3.2 Mary River Group Strata
3.2.1 Amphibolitic Wacke
Amphibolitic wacke units are characterized by a relatively high amphibole content.
Where these units occur proximal to BIF the amphibole content noticeably increases and
outcrops display distinct banding. These units were identified in Chapter 2 as calcsilicate wacke (Figure 27D).
Sample 4-8 was collected from outcrop just south of where pegmatite injects into
metakomatiite schist along the dome/keel boundary east of Deposit 4. At this location,
amphibolitic wacke cores an anticlinal F2 fold outlined by BIF. In hand sample thin 1
mm layers of lime to dark-green actinolite alternate with 1-10 mm layers of quartz. In
thin section, modal percentages of amphibole layers are 50% ferro-actinolite, 35%
hornblende, 10% grunerite, and 5% garnet, compared to quartz layers which are 75%
quartz, 10% ferro-actinolite, 5% clinopyroxene, and 5% garnet. Amphibole-rich layers
are typified by laths of ferro-actinolite intergrown with hornblende, and locally display
Ca-amphibole replacement of cummingtonite-grunerite series amphiboles, suggesting Cametasomatism. All types of amphiboles range up to 16 mm but average about 4 mm in
diameter. The quartz layers are typified by sutured polygons varying up to 26 mm in
diameter but average about 6.5 mm. Annealing of quartz forms a heteroblastic polygonal
assemblage hosting idioblastic ferro-actinolite, clinopyroxene, and garnet (Plates 1A and
1B).
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A)
XPL

B)
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Plate 1: Photomicrographs of sample 4-8. A) Boundary between hornblende and quartz.
B) Grain of clinopyroxene in quartz.
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Sample 15-5 was collected from the CBFZ scarp just south of Mary River. At
this location, amphibolitic wacke is interlayered with BIF and overlain by metakomatiite.
In hand specimen, fine-grained 2 mm light-pink subidioblastic garnet and coarse (up to
15 mm) idioblastic needles of brown-green amphibole overgrow a quartz-rich matrix. In
thin section the modal percentage is 45% quartz, 30% cummingtonite-grunerite, 15%
magnetite, 8% garnet, and 2% cordierite. Porphyroblasts of cummingtonite-grunerite and
cordierite overgrow polygonal quartz (Plate 2A). The amphibole laths range up to 15
mm in length and are typically aligned. Cordierite is subidioblastic and up to 5 mm in
diameter. Poikioblastic quartz overgrows quartz inclusions. Medium-grained 5 mm
subidioblastic garnet overgrows laminated quartz in which disseminated magnetite
defines compositional layering. The garnet displays limited retrogression (Plate 2B).
Sample 15-9 was collected at the contact between overlying basaltic komatiite and
amphibolitic wacke interspersed with amphibole-rich BIF. Near this location the BIF has
an elevated base metal content and metakomatiite is serpentizined to form deep green
soapstone. In hand specimen thin <2 mm layers of hornblende+amphibole+biotite
alternate with <4 mm layers of very-fine grained quartz interspersed with needles of
dark-green to black hornblende. Thin section study reveals that amphibole layers have a
modal percentage of 55% hornblende, 20% biotite, 15% cummingtonite-grunerite, 5%
quartz, and 5% sericite. Quartz layers are 50% quartz, 30% hornblende, 15%
cummingtonite-grunerite, and 5% plagioclase. The fine-grained quartz layers are
granoblastic polygonal and host randomly oriented 1-2 mm sub to idioblastic hornblende
laths (Plates 3A). In the hornblende+amphibole+biotite bands, hornblende grains are
much larger (2-5 mm) and overgrow a cryptocrystalline quartz-sericite matrix (Plate 3B).
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Plate 2: Photomicrographs of sample 15-5. A) Porphyroblastic fans of cummingtonite.
B) Poikioblastic cordierite and garnet.
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B)
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Plate 3: Photomicrographs of sample 15-9. A) Quartz with idioblastic hornblende. B)
Intermixed biotite and hornblende.
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EMPA was carried out on all three samples to identity mineral species of amphibole,
garnet, cordierite, and clinopyroxene. Forty-nine analyses are reported for amphibole
species, twenty-five from sample 4-8, fifteen from sample 15-5, and nine from sample
15-9. Amphiboles from sample 4-8 plot in the ferro-actinolite and grunerite fields
(Figure 32A). The reported ferro-actinolites plot as the Fe end member of the tremoliteactinolite series, where tremolite is Ca2Mg5Si8O22(OH)2 and ferro-actinolite is
Ca2Fe5Si8O22(OH)2. Grunerites form the Fe-end member within the solid solution
cummingtonite-grunerite composition field, where cummingtonite is Mg rich
Fe2Mg5Si8O22(OH)2, and grunerite is Fe7Si8O22(OH)2. Cummingtonite is used to describe
minerals that are 30-70% grunerite composition, Mg anthophyllite (Mg7Si8O22(OH)2)
being the Mg end member. Cummingtonite and grunerite are monoclinic, while
anthophyllite is orthorhombic. The FeO content in the grunerite species ranges from
42.90-44.89 wt %. The ferro-actinolite series average 32.5 wt % FeO, MgO varies
between 2.72-3.27 wt %, Al2O3 varies between 1.85-4.59 wt %, and CaO averages 11.4
wt %.
All analyzed amphiboles from sample 15-5 plot within the solid solution
cummingtonite-grunerite field (Figure 32B). FeO contents range from 24.72% to
25.74%, and MgO contents range from 14.59% to 16.78%. Amphiboles from sample 159 mostly plot in the hornblende field ((Ca,Na)2–3(Mg,Fe,Al)5(Al,Si)8O22(OH,F)2) with
one analysis returning a ferro-actinolite composition, and one analysis returned a
cummingtonite-grunerite composition (Figure 32C). The hornblende analyses range from
13.63-16.23 wt % FeO, 9.46-12.80 wt % MgO, 10.75-15.61 wt % Al2O3, and 11.76-12.23
wt % CaO. The ferro-actinolite analysis has 8.02 wt % Al2O3, 14.37 wt % FeO, 13.62 wt
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% MgO, and 11.99 wt % Ca. The cummingtonite-grunerite sample has 21.34 wt % FeO
and 18.74 wt % MgO.
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Fourteen analyses of garnet species are reported for sample 15-5. The garnet is
almandine (Fe3Al2Si3O12) in which FeO varies between 31.66-35.01 wt %, MgO varies
between 3.38-4.67 wt %., and MnO varies between 0.71-2.29 wt % . Cores and rims
show no major compositional differences.
Thirteen analyses of cordierite are reported for sample 15-5. The FeO ranges from
6.35-7.13 wt %, MgO ranges from 8.79-9.76 wt %, and Al2O3 ranges from 33.05-34.35
wt % indicating a solid solution between Mg-rich cordierite ((Mg, Fe)2Al3(Si5AlO18)) and
Fe-rich sekaninaite ((Fe, Mg)2Al3(Si5AlO18)). The formation of Fe-rich and Mg-rich
cordierite is attributed to high-temperature metamorphism of an Al-rich pelitic
component.
Five analyses of clinopyroxene are reported for sample 4-8. CaO averages 21.3 wt
%, FeO averages 28.5 wt %, and MgO averages 1.34 wt %. This composition approaches
the hedenbergite end member of the diopside-hedenbergite series (CaFeSi2O6). The
clinopyroxene is likely the result of the regional amphibolite facies Hudsonian
metamorphic overprint of carbonate bearing sediments.

3.2.2 Metakomatiite
Metamorphosed komatiite units are regionally associated with the high-grade ore. At
Deposit 1, komatiite is juxtaposed against footwall ‘ore zone’ chlorite schist, and these
samples have been hydrothermally altered by fluid migration along the dome/keel contact
similar to that overprinting aluminous footwall gneiss. Petrography of komatiitic units
therefore provides further insight into the genesis of the high-grade ores.
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Sample 1-6 was collected from komatiite/quartzite outcrops located on the western
slope of Nuluujaak Mountain well below Deposit 1. Interference folding forms an eggcrate structural pattern between metakomatiite and quartzite units (Lindberg and Pothier,
2011). Sample 1-8 was collected from metakomatiite separating domal augen gneiss
from footwall ‘ore zone’ chlorite schist at the immediate base of Deposit 1.
Both samples 1-6 and 1-8 are exceptionally fine-grained in hand sample. White to
clear needles of amphibole overprint a fine-grained dark-grey matrix that displays patchy
chloritization. Brown-yellow biotite is visible on foliation surfaces. In thin section,
sample 1-6 has a modal percentage of 30% cummingtonite, 20% Mg-biotite, 10% Mghornblende, 10% Mg-chlorite, 10% Mg-cordierite, 10% plagioclase, 5% muscovite, 5%
talc, and trace amounts of apatite. Amphiboles occur as large (up to 2 cm), randomly
oriented needles to laths that are sometime poikioblastic with included plagioclase (Plate
4A). Biotite overprints amphibole and is in turn replaced by low-order grey birefringence
chlorite (Plate 4B). The fine-grained matrix consists of amphibole, minor plagioclase,
and varying amounts of mica with minor talc.
In thin section, sample 1-8 has a modal percentage of 30% biotite, 20%
cummingtonite, 15% hornblende, 15% talc, 10% plagioclase, 5% ferro-actinolite, and 5%
chlorite. Thin section examination shows that large laths of randomly oriented varying
species of amphibole are partially overgrown by biotite (Plate 5A). Amphiboles are
locally acicular, and range up to 3 cm in size. The fine-grained matrix shows
replacement of amphiboles by biotite and talc.
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Plate 4: Photomicrographs of sample 1-6. A) Poikioblastic cummingtonite in a matrix of
amphibole and minor quartz and talc. B) Replacement of high-birefringence biotite by
low-order grey chlorite.
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XPL

Plate 5: Photomicrograph of sample 1-8. Replacement of porphyroblastic cummingtonite
by biotite.
Sample 8-2 is located ~6.5 km northwest of Deposit 1. At this location,
amphibolite gneiss forms sheets complexly interfolded with augen granite and granitic
gneiss. The komatiite has been completely sheared out forming a coarsely
porphyroblastic cordierite schist. In hand sample less than 10 cm fans of coarse
amphibole overgrow a deep-blue cordierite and chlorite matrix. In thin section the modal
percentage is 33% cordierite, 33% cummingtonite, 33% chlorite, and 1% plagioclase.
Examination shows that porphyroblastic cummingtonite series amphibole overgrows
massive cordierite. The massive cordierite is strongly fractured. Both cordierite and
cummingtonite porphyroblasts show moderate replacement by laths of chlorite (Plate 6A
and 6B). Coarse chlorite laths are locally in excess of 15 mm and locally chlorite forms
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Plate 6:
Photomicrographs of
sample 8-2. A)
Porphyroblastic
cummingtonite with
replacement by chlorite.
B) Sheared idioblastic
cummingtonite with
replacement by chlorite
in cordierite. C)
Rosettes of chlorite
overprinting quartz and
cordierite.
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rosettes within cordierite (Plate 6C).
EMPA was carried out on all three samples on species of amphibole, biotite,
chlorite, and cordierite. Forty-seven analyses of amphibole species are reported, with
fourteen on sample 1-6, twenty-two on sample 1-8, and eleven on sample 8-2. In sample
1-6 all analyses record cummingtonite solid solution, with the exception of one analysis
that returned a hornblende composition (Figure 33A). Cummingtonite series amphibole
has FeO values that range from 19.91-21.22 wt %, and MgO values that range from
18.01-19.32 wt %. The hornblende sample has a FeO value of 14.95 wt %, a MgO value
of 11.58 wt %, a CaO value of 9.87 wt %, and an Al2O3 value of 13.78 wt %.
Amphiboles reported for sample 1-8 show a broad spectrum including cummingtonite,
actinolite, and hornblende species (Figure 33B). The twelve cummingtonite
determinations have a FeO range of 21.97-23.18 wt %, and an MgO range of 17.87-18.31
wt %. The eight hornblende analyses demonstrate a range in FeO from 13.63-14.20 wt
%, MgO from 11.53-13.02 wt %, Al2O3 from 9.75-12.50 wt %, and CaO from 11.8212.43 wt %. Two ferro-actinolite analyses show average values of 11.71 wt % FeO,
15.33 wt % MgO, 12.72 wt % CaO, and 6.1 wt % Al2O3. Amphiboles in sample 8-2 all
plot within the cummingtonite series, with FeO ranging from 21.21-22.01 wt %, and
MgO ranging from 17.82-18.95 wt % (Figure 33C).
Sixteen biotite determinations were completed on specimens in samples 1-6 and
1-8. The seven determinations on sample 1-6 report FeO ranges from 13.18-13.86 wt %,
and MgO between 15.97-16.67 wt %. The nine determinations on biotite in sample 1-8
reported FeO between 14.36-15.23 wt %, and MgO between 14.96-15.96 wt %. The
biotite composition (K(Mg,Fe)3AlSi3O10(F,OH)2) is the solid solution product of Fe-rich
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end member annite (KFe3AlSi3O10(OH,F)2) and Mg-rich end member phlogopite
(KMg3AlSi3O10(F,OH)2).
Fourteen total analyses were completed on chlorite, two in sample 1-6 and twelve in
sample 8-2, and indicate that chlorites are Fe-Mg-rich. Within sample 1-6 chlorites
average 15.5 wt % FeO, and 21.75 wt % MgO. In sample 8-2 FeO varies between 16.0717.28 FeO, and MgO between 20.94-21.44 wt %.
Ten analyses are reported for cordierite in sample 8-2. The FeO varies between 4.785.22 wt %, MgO varies between 10.04-10.60 wt %, and Al2O3 varies between 32.0334.28.

3.3 Keel/Dome Boundary Rocks
3.3.1 ‘Ore Zone’ Chlorite Schist
The footwall ‘ore zone’ chlorite schist unit is of particular significance as this defines
the structural boundary of ore against high-grade gneiss. The chlorite reflects
hydrothermal fluid migration along this tectonic boundary. The direct tie of chlorite
schist to ore supports a common origin. Because the high-grade iron ores have simple
mineralogy, their complex origin is best described on the bases of contemporary
chloritization. These footwall ‘ore zone’ chlorite schists have been studied previously.
MacLeod (2009) and Nicpon (2011) studied schist units at Deposit 1 while Fulcher
(2011) studied interleaved iron oxide ores and footwall schist units at Deposit 4. It
should be noted that these chlorite schist units were originally mapped as silicate iron
formation (see Map 1) due to a lack of understanding of their origin and absence of
geochemical data.
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Sample 1-11 was collected from the base of Deposit 1 near the Mary River where
chlorite schist marks the boundary between high-grade magnetite ore and structurally
underlying paragneiss. The massive magnetite is overlain by well-preserved
metakomatiite. In hand sample the chlorite schist shows coarse (up to 8.5 cm diameter)
garnet porphyroblasts overgrowing multiply foliated lepidoblastic chlorite schist (Plate
7A). In thin section the modal percentage is 60% chlorite, 34% garnet, 5% biotite, and
1% ilmenite. Coarse laths up to 5 mm and a fine-grained (1 mm) chlorite species suggest
two growth periods. Abundant pleochroic halos within the chlorite were identified by
Nicpon (2011) as due to allanite inclusions and are indicative of pervasive chlorite
retrogression of biotite. The idioblastic garnet overgrowing the foliated chlorite is
characteristically microfractured (Plate 7B).
Sample 5-18 is from a chlorite schist unit intercalated with high-grade specularite
ore at Deposit 4. In hand sample, domains of coarse pale green chlorite is intergrown
with coarse brown-yellow biotite. In thin section the average modal percentage is 35%
chlorite, 20% amphibole, 15% biotite, 10% cordierite, 10% plagioclase, and 10% quartz.
Medium-grained (5 mm) twinned plagioclase randomly oriented in the chlorite matrix
suggests that an original wacke was strongly chloritized. This chlorite was then
overgrown by cordierite, amphibole, and biotite (Plate 8A). Coarse sheafs of low-order
grey birefringence chlorite attain lengths of 15 mm suggesting late growth. Coarse
chlorite fans overgrow ~2 cm amphibole fans (Plate 8B). Where chlorite replaces biotite
it leaves the core intact (Plate 8C).
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Plate 7: Photomicrographs of sample 1-11. A) Multiply foliated chlorite. B) Garnet
overgrowing foliated chlorite.
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Plate 8: Photomicrographs
of sample 5-18. A) Twinned
plagioclase with quartz,
biotite, and cordierite. B)
Amphibole replacement by
chlorite. C) Replacement of
biotite by chlorite.
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Sample 2-14 was collected where chlorite schist and amphibolite are intercalated
with high-grade specularite ore at Deposit 4. The sample represents the pervasive
chloritization of amphibolite on the dome/keel boundary. In hand sample, randomly
oriented fibrous needles of colourless amphibole overgrow cordierite hosted within a
finely-foliated matte of grey chlorite. In thin section the modal percentage is 35%
cummingtonite, 30% cordierite, 25% chlorite, and 10% white mica. Coarse 2.3 cm
diamond-shaped cummingtonite overgrows early cordierite (Plate 9A), and amphiboles
show some late replacement by chlorite and sericite (Plate 9B).
EMPA was carried out on all three samples to identity species of garnet, biotite,
chlorite, cordierite, and amphibole. Twenty analyses are reported on garnet in sample 111. These identify Fe-almandine with a FeO range of 35.70-37.48 wt %, and an MgO
range of 2.69-4.29 wt %. Six analyses of biotite are reported for sample 5-18. The
biotite is a magnesian species, with a FeO range of 11.99-16.84 wt %, and an MgO range
of 16.15-16.96 wt %. Nine analyses are reported on chlorite, two in sample 2-14, and
seven in sample 5-18. The chlorite in sample 2-14 has an average FeO content of 22.8 wt
%, and an average MgO content of 15.25 wt %. The chlorite in sample 5-18 has a FeO
range of 14.72- 19.09 wt %, and an MgO range of 21.13-23.12 wt %. This results in
chlorites of various Mg-Fe-rich species.
Twenty-two analyses were performed on cordierite, thirteen in sample 2-14 and nine
in sample 5-18. The cordierite in sample 2-14 has a FeO range of 3.82-4.25 wt %, an
MgO range of 10.978-11.18 wt %, and Al2O3 varies between 33.05-34.62 wt %. The
cordierite in sample 5-18 has a FeO content that ranges from 4.08-4.93, MgO contents
range from 9.99-10.58 wt %, and Al2O3 varies from 32.01-34.56 wt %.
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Plate 9: Photomicrographs of sample 2-14. A) Amphibole overgrowing cordierite,
replaced by white micas. B) Replacement of amphibole by late chlorite.
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Nineteen analyses were carried out on cummingtonite, nine in sample 2-14 and ten in
sample 5-18. Species in sample 2-14 have a FeO range of 18.70-19.34 wt %, and an
MgO range of 20.42-21.61 wt %, whereas in sample 5-18 FeO varies between 19.8320.60 wt %, and MgO varies between 19.03-20.74 wt % (Figures 34A and 34B).
Notably, CaO contents are negligible for both samples.
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Figure 34 – A) Compositional variation in amphibole from sample 2-14. B)
Compositional variation in amphibole from sample 5-18.
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3.3.2 Mylonitic Gneiss at Dome Margin
Retrograded mylonitic gneiss bounds the bordering gneiss domes. Mylonitic gneiss is
not the primary focus of this thesis, but samples were selected to demonstrate that
chloritization works its way into footwall gneiss. Sample 4-1 demonstrates retrograded
augen gneiss footwall to Deposit 4. Samples 1-1, 1-4, and 11-1 represent aluminous
gneiss footwall to Deposit 1. These aluminous units display significant chlorite
retrogression, indicating the same retrograde hydrothermal overprint as the ‘ore zone’
chlorite schist units.
Sample 4-1 was collected northeast of Deposit 4. Bordering augen gneiss becomes
strongly mylonitic, the coarse K-feldspar becomes shredded and gives way to coarse
quartz eyes (see Chapter 2, Figure 26F). The resulting quartz-muscovite schist is rich in
annealed quartz eyes. In hand sample, coarse biotite and muscovite envelope quartz eyes.
These coarse (5 –15 mm) porphyroblasts of quartz show subgrain recrystallization of
coarse to medium-grained (2-15 mm) quartz with sutured boundaries. Porphyroclastic Kfeldspar forms aligned aggregates. Thin section examination reveals a modal percentage
of 45% quartz, 20% biotite, 20% muscovite, and 15% potassium feldspar. The finegrained matrix consists of similar mineralogy, and the wavy foliation is defined by mica
laths that average 5 mm (Plate 10).
Sample 1-1 was collected at the contact between footwall schist and aluminous gneiss
at the base of Deposit 1. The structurally underlying aluminous gneiss unit is moderately
chloritized. Hand sample examination demonstrates a modal percentage of 40% chlorite,
25% biotite-phlogopite, 15% cordierite, 10% garnet, and 10% cummingtonite.
Cummingtonite bowties range up to 6 cm in length in hand sample. Porphyroblasts of
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Plate 10: Photomicrograph of sample 4-1. Muscovite laths developed around both quartz
and potassium feldspar eyes.
garnet, cordierite, and cummingtonite overgrow the well-foliated biotite-chlorite matrix
throughout the sample. The almandine porphyroblasts average 1 cm in diameter and are
microfractured. Cordierite ranges up to 3 cm in diameter, and is a dark blue-purple
colour characteristic of iolite. In thin section, the chlorite and biotite are intimately
intergrown. Typically, fine-grained (<0.4 cm) randomly oriented chlorite is overprinted
by larger (.7-1.2 cm) idioblastic biotite (Plate 11A). Locally, coarse (up to 0.6 cm)
decussate biotite completely replaces chlorite to form monomineralic domains (Plate
11B). Locally, large sheaves (0.7 cm) of chlorite intergrown with biotite grow outwards
from the rim of garnets, indicating growth after garnet (Plate 11C). Cordierite is
poikioblastic with minor quartz inclusions.
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Plate 11:
Photomicrographs of
sample 1-1. A) Randomlyoriented chlorite-biotite
matrix. B) Decussate
biotite. C) Growth of
biotite from garnet, and
replacement by chlorite.
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Sample 1-4 was collected west of the high-grade iron ore outcrop of Deposit 1.
At this location, aluminous gneiss separates ore from underlying egg-crate komatiite/
quartzite units. In hand sample, quartz-eyes are enveloped within finely-crystalline, redgreen coloured mica. Thin section examination shows a modal percentage of 40%
quartz, 30% phengite, 20% staurolite, 5% biotite, and 5% muscovite. Coarse quartz eyes
range in size from 2-7 mm, and show subgrain recrystallization of fine-grained (0.1-0.4
m) quartz that has sutured boundaries. Muscovite laths locally overprint quartz eyes.
Porphyroblasts of staurolite range up to 7 mm. The original matrix in the sample was a
combination of decussate biotite+muscovite (Plate 12A). The entire sample has been
overprinted by very fine-grained phengite demonstrating late retrogression (Plate 12B).
Sample 11-1 was collected footwall to Deposits 3 in a domain of amphibolitic
gneiss basal to MRG. In hand sample, the rock is dominated by ~1 cm deep pink
idioblastic garnet that overgrows a dark brown biotite-quartz matrix. Thin section
examination reveals a modal percentage of 40% biotite, 35% garnet, 15% quartz, and
10% staurolite. Large (0.5-1.5 cm) idioblastic garnets overgrow lepidoblastic biotite
(Plates 13A and 13B). The biotite laths reach 1.7 cm and these contain numerous
pleochroic halos. Staurolite has common quartz inclusions, as do some garnets (Plate
13C). The staurolite is subidioblastic and ranges from 1.8-2.3 cm. The minor quartz has
irregular, sutured boundaries and displays subgrain recrystallization.
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Plate 12 – Photomicrographs of sample 1-4. A) Quartz eye within biotite and muscovite
matrix. B) Phengite overprinting staurolite.
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Plate 13:
Photomicrographs of
sample 11-1. A)
Static garnet growth
in biotite matrix.
Garnet is
poikioblastic with
quartz. B) Prekinematic idioblastic
garnet growth with
biotite. C) Staurolite
porphyroblast with
quartz and biotite.
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EMPA was carried out on three samples to identity species of garnet, biotite,
chlorite, cordierite, and staurolite. Thirty-three analyses were completed on garnet in
aluminous schist, ten in sample 1-1 and 23 in sample 11-1. Garnet in sample 1-1 has a
FeO range of 31.17-32.47 wt %, an MgO range of 4.90-5.95 wt %, and an MnO range of
0.91-1.42 wt %. The garnet in sample 11-1 has a FeO range of 36.14-37.91 wt %, an
MgO range of 2.39-2.78 wt %, and an MnO range of 0.01-0.22 wt %. Rims of garnets
show slight depletion in MgO and a slight enrichment in FeO relative to garnet cores.
Analysis indicates that all samples are end member almandine.
Forty-four analyses were performed on mica, thirteen in sample 1-1, fourteen in
sample 1-4, and seventeen in sample 11-1. Biotite in sample 1-1 has a FeO range of
14.07-15.17 wt %, and an MgO range of 13.87-14.96 wt %. Sample 1-4 has two distinct
spieces, one that is biotite, and one that is phengite. Phengite is solid solution between
muscovite and celadonite (KAl2(AlSi3O10)(F,OH)2 - K(Mg,Fe2+)(Fe3+,Al)(Si4O10)(OH)2)
and is formed during retrogression. In biotitic samples, FeO has a range of 21.00-21.66
wt %, and MgO has a range of 7.30-7.63wt %, indicating it is close to Fe-rich end
member annite. In phengite, FeO has a range of 0.98-1.73 wt %, MgO has a range of
0.49-1.37 wt %, Al2O3 has a range of 34.81-38.25 wt %. Sample 11-1 has two distinct
biotite species, one intermediate between biotite-phlogopite composition, and one close
to Fe-rich end member annite. In the intermediate species, FeO has a range of 12.4417.17 wt %, and MgO has a range of 11.99-16.63 wt %. The Fe-rich species has FeO
from 20.87-22.41 wt %, and MgO from 8.27-8.41 wt %.
Five analyses are reported on chlorite in sample 1-1. They have an FeO range of
17.25-18.30 wt %, and an MgO range of 19.52-20.54 wt %. Six analyses are reported for
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cordierite in sample 1-1. These show an FeO content between 5.39-6.08 wt %, MgO
contents between 9.61-10.07 wt %, and Al2O3 contents between 33.99-34.43 wt %. Five
analyses of staurolite are reported for sample 11-1. The staurolite has FeO between
14.76-15.34 wt %, MgO averaging 1.6 wt %, and Al2O3 between 54.06-55.04 wt %.
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CHAPTER 4
IRON ENRICHMENT FROM BIF TO HIGH-GRADE ORE

4.1 Introduction
Petrographic and geochemical analyses were performed on samples of banded iron
formation, enriched banded iron formation, and high-grade iron ore at Deposit 1. This
was completed to document the textural, mineralogical, and geochemical changes
occurring during the enrichment process. The following sections first describe results of
petrographic study and EMPA, and are followed by presentation of bulk rock data.

4.2 Petrography and Mineral Chemistry of Iron Formation
Locations of samples chosen for petrographic analyses are shown on Map 1 and listed
in Appendix A. All drill hole samples were selected from Deposit 1. EMPA data is
presented in Appendix B in weight percent oxides.

4.2.1 Banded Iron Formation
Algoma-type banded iron formations are prominent markers within the Mary
River Group. Two main end members are observed, iron oxide+quartz, and iron
oxide+amphibole. These samples average <40 wt % Fe, and are organized according to
their locations at differing deposits.
Sample 3-1 is a quartz+iron oxide gneiss collected at the westernmost edge of
outcrop at Deposit 2. Distinct quartz and iron oxide bands range from 1 mm – 10 mm in
hand sample. Thin section examination shows modal percentages of 50% quartz and
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50% iron oxide (Plate 14A). Quartz bands are locally boudinaged and are comprised of
polygonal quartz (Plate 14B). Examination of the 0.05 mm granoblastic iron oxide
shows that original magnetite has been dominantly oxidized to martite (Plate 14C).
Sample 11-4B was collected ~6 km east of Deposit 3. A prominent BIF ridge
occurs at this location, and is the extension of BIF from Deposit 3. It is sandwiched
between aluminous schist and amphibolite. Small lenses of high-grade iron ore occur
within enriched BIF. In hand sample, thin 2 mm lenses of crystalline quartz occur within
magnetite hosting disseminated quartz (Plate 15A). Thin section examination shows
modal percentages are 60% magnetite and trace amounts of hematite, 20% quartz, and
20% amphibole. The granoblastic polygonal magnetite hosts remnant quartz bands that
define laminations. Xenoblastic amphibole and relict polygonal quartz occur at triple
point junctions in magnetite-rich domains (Plate 15B).
Sample 2-1 is comprised of alternating bands of amphibole and iron oxide. The
sample was collected west of Deposit 4 at the contact between the MRG and Paleozoic
carbonates. Here, BIF is underlain by wacke and overlain by a prominent quartzite ridge.
No compositional layering is defined in hand sample, and the rock is a uniform light
pink-grey colour. Thin section examination shows modal percentages of 55%
cummingtonite-grunerite, 40% iron oxide, and 5% garnet. Rosette-textured 0.5-2 mm
cummingtonite alternates with indistinctly banded fine-grained, 1 mm magnetite (Plate
16A). The trace to minor garnet is subidioblastic and disseminated within the
cummingtonite bands (Plate 16B). Small quartz veins cut the sample.
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Plate 14 –
Photomicrographs of
sample 3-1. A) Quartz
band and iron oxide
band with intergranular
quartz. B) Boudinaged
quartz band. C) Granular
hematite with relict
magnetite core.
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Plate 15 – Photomicrographs of sample 11-4B. A) Remnant quartz with amphibole in
magnetite. B) Granoblastic polygonal magnetite.
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Plate 16 – Photomicrographs of sample 2-1. A) Decussate cummingtonite. B)
Subidioblastic garnet with magnetite and cummingtonite.
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Sample 4-10, collected east of Deposit 4, displays well-preserved primary iron
oxide-chert bands overgrown by amphibole. At this location, wacke is footwall to BIF
and chloritized amphibolite hanging wall. In hand sample, finely laminated bands of iron
oxide and quartz range from 1-3 mm in thickness. Fine translucent needles of amphibole
are aligned within quartz bands. Thin section examination reveals an overall modal
percentage of 40% iron oxides, 40% chert, and 20% amphibole. Quartz bands show
polygonal quartz overgrowing finely disseminated magnetite and amphibole (Plate 17A).
Amphibole occurring at contacts between iron oxide and chert bands are much coarser
(Plate 17B). Iron oxide bands are comprised of 0.1-1 mm granoblastic polygonal
magnetite with <1% hematite.
EMPA was completed on sample 2-1 to identify species of amphibole and garnet.
Fifteen analyses are reported for cummingtonite, and have ranges of 25.77-30.35 wt %
FeO, 10.29-12.34 wt % MgO, and 2.47-3.91 wt % MnO (Figure 35).
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Figure 35 – Compositional variation of amphibole in sample 2-1.
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Plate 17 – Photomicrographs of sample 4-10. A) Quartz band with amphibole needles,
and coarse amphibole at contact with iron oxide. B) Granular magnetite band with
amphibole.
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Seventeen analyses are reported for garnet in sample 2-1. The FeO ranges from
20.92-23.18 wt %, MgO ranges from 0.85-1.13 wt %, and MnO ranges from 14.68-16.67.
Garnets plot 70% end member almandine in solid solution with spessartine
(Mg3Al2Si3O12).

4.2.2 Transit from BIF to eBIF to High-Grade Iron Formation at Deposit 1
Transition from BIF to eBIF to high-grade iron ore is best observed in drill core
of Deposit 1. Sample 1-13 is BIF. Four samples selected from drill hole MR1-08-141
average 40 to 60% wt % Fe, and establish the occurrence of a carbonate protore. Two
samples from drill hole MRI-08-158 and two samples from drill hole MR1-08-161
document the change of BIF to massive magnetite.
Sample 1-13 was collected at the base of the south limb of Deposit 1. In hand
sample, highly deformed 5-10 mm microcrystalline quartz banding alternates with 1-5
mm bands of magnetite. Thin section examination demonstrates iron oxide bands have
70% magnetite, 15% quartz, 15% tremolite-actinolite, and trace pyrite, whereas quartz
bands have 80% quartz, 15% tremolite-actinolite, and 5% magnetite. Iron oxide bands
are comprised of finely crystalline 0.1 mm polygonal magnetite with intergranular spaces
filled with xenoblastic quartz and tremolite-actinolite (Plates 18A and 18B). Quartz
bands are characterized by 1-3 mm granoblastic polygonal quartz with xenoblastic
tremolite-actinolite on grain boundaries.
Samples 7972, 7974, 7974.2, and 7983 were all collected from drill hole MRI-08141 at depths ranging from 193-214 m. In hand sample, highly contorted continuous to
discontinuous bands of marble occur within massive magnetite. In sample 7972,
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Plate 18 – Photomicrographs of sample 1-13. A) Granoblastic magnetite with minor
tremolite-actinolie. B) Contorted quartz bands with tremolite-actinolite.
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massive magnetite bands have 40% magnetite, 35% hematite, and 25% Fe-talc. Marble
bands have 70% carbonate, and 30% talc. Granoblastic magnetite shows martite
replacement along grain boundaries (Plate 19A). Microplaty hematite blades form at
boundaries against carbonates (Plate 19B). Marble bands shows a moderate fabric,
interstitial carbonates are lineated to form weak bands. Carbonates are various species of
dolomite and magnesite-rhodochrosite (Plate 19C). Granoblastic carbonate is locally
replaced by talc (Plates 20A and 20B).
Sample 7974 shows a modal percentage of 70% iron oxide and 30% dolomiteankerite in iron oxide bands. Carbonate bands have a modal percentage of 70%
dolomite-ankerite, 20% magnetite, and 10% quartz. The texture suggests intense
carbonatization of primary silica hosting finely disseminated magnetite, but may be
primary carbontes (Plate 21A). Examination of magnetite banding shows ubiquitous
oxidation of grain boundaries (Plate 21B).
In sample 7974.2 marble lenses show a modal percentage of 65% magnetite, 20%
dolomite-ankerite, 10% hematite, 5% pyrite in iron oxide-rich areas, and 85% dolomiteankerite, and 15% quartz in marble layers. The marble layers are characterized by
intermixed dolomite-ankerite and calcite. Metamorphism results in annealing of
xenoblastic carbonate grains to form a marble texture (Plate 22A). Magnetite-rich
domains are characterized by granoblastic polygonal magnetite showing oxidation of
grain boundaries to martite (Plate 22B). Where oxidation is pervasive, martite is replaced
by microplaty hematite (Plate 22C). Minor pyrite occurs at contacts between magnetiterich bands and marble.
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Plate 19 –
Photomicrographs of
sample 7972. A)
Oxidation of magnetite
along grain boundaries to
produce hematite. B)
Formation of microplaty
hematite at contact with
silicates. C) Intergranular
silicates in magnetite.
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Plate 20 - Photomicrographs of sample 7972. A) Carbonate band. B) Replacement of
carbonate by talc.
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Plate 21 – Photomicrographs of sample 7974. A) Carbonate and iron oxide bands. B)
Granular magnetite with minor oxidation along grain boundaries to form martite.
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Plate 22 –
Photomicrographs of
sample 7974.2. A)
Granoblastic polygonal
magnetite with slight
replacement by martite
and intergranular
silicates. B) Polygonal
magnetite with
microplaty hematite. C)
Carbonate and iron
oxide bands.
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Sample 584.2 was collected at the boundary between eBIF and high-grade ore in
drill hole MR1-08-158, at 200 m. Highly deformed silica banding occurs within massive
magnetite in hand sample. Thin section examination reveals iron oxide domains are
characterized by 100% magnetite. Relict silica banding has equal percentages of 33%
quartz, talc and chlorite, and minor calcite. Granular magnetite has minor quartz and talc
sited at triple point junctions. Silica bands demonstrate significant replacement by talc,
likely overprinting original carbonate (Plate 23A). Eventually replacement is so
extensive relict silica is entirely overprinted by talc+serpentine+chlorite (Plate 23B). The
silica bands host pyrite veining where extensively replaced by talc assemblages.
Sample 2104, from drill hole MR1-08-161 at 145 m, is eBIF. In hand sample,
fine 1-3 mm bands of beige talc and pyrite alternate with 1-3 mm bands of finely
crystalline magnetite. Thin section examination reveals modal percentages are 90%
magnetite, and 10% talc in iron oxide bands, and 55% talc, 30% garnet, 10%
cummingtonite, and 5% pyrite in talc bands. Two textural types of magnetite ore are
visible. The first is comprised of annealed magnetite with very minor silicates, and relict
grain boundaries define previous grain size as 0.5 mm in diameter (Plate 24A). The
second textural type is characterized by polygonal magnetite with moderate silicates,
where relict grain boundaries define grain size as 0.2 mm (Plate 24B). Talc-rich areas are
characterized by porphyroblastic growth of talc sheafs and rosettes overgrowing
subidioblastc garnet, idioblastic cummingtonite-grunerite, and pyrite (Plate 24C). Talc
attains lengths of 10 mm, but more typically is 0.3-0.5 mm. Garnet ranges from 0.5-1
mm in diameter, but the pervasive overprint by talc makes estimating size difficult.
Pyrite occurs as 1 mm seams.
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Plate 23 –
Photomicrographs of
sample 584.2. A)
Annealed magnetite
with minor silicates. B)
Replacement of quartz
along grain boundaries
by talc. C) Complete
replacement of quartz
band by talc.
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Plate 24 –
Photomicrographs of
sample 2104. A)
Annealed
granoblastic
polygonal magnetite
with minor porosity.
B) Porous
granoblastic
magnetite. C)
Replacement of
garnet by talc.
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Sample 14880 from drill hole MRI-08-158, at ~256 m, is massive finely
crystalline magnetite. Thin section examination shows modal percentages of 90%
magnetite, 5% carbonate, and 5% chlorite. The massive magnetite is granoblastic
polygonal and minor interstitial carbonate and chlorite occurs at triple point junctions
(Plates 25A and 25B). Interstitial carbonates are a variety of species. Sample 2095 from
drill hole MR1-08-161 at 129 m is another case of massive finely crystalline magnetite.
Thin section examination shows modal percentages of 95% magnetite and 5% martite.
Typically, 1 mm magnetite is granoblastic polygonal (Plate 26A). Conversion of
magnetite to martite is directly related to oxidation of grain boundaries (Plate 26B).
EMPA was completed on all samples to identify species of carbonate, serpentine
and talc, amphibole, and garnet. Fifty-three total analyses were performed on carbonates,
two in sample 584.2, fifteen in sample 7972, seven in sample 7974, seventeen in sample
7983, and twelve in sample 14880. Results of all analyses are plotted in Figure 36.
Carbonates from sample 584.2 are calcite (CaCO3), with an average CaO wt % of 52.07.
Three species of carbonate occur in sample 7972, one that is solid solution
dolomite-ankerite, one that is solid solution between siderite-magnesite-rhodochrosite
(FeCO3-MgCO3-MnCO3), and one that is solid solution between magnesiterhodochrosite. Thirteen analyses of dolomite-ankerite have a FeO range of 7.64-11.63 wt
%, a MgO range of 11.34-15.36 wt %, a MnO range of 1.16-4.40 wt %, and a CaO range
of 25.13-28.43 wt %. Two analyses of siderite-magnesite-rhodochrosite have an average
FeO value of 29 wt %, an average MgO value of 14.41 wt %, an average MnO value of
10.28 wt %, and an average CaO value of 0.27 wt %. Two analyses of magnesiterhodochrosite have an average FeO value of 0.15 wt %, an average MgO value of
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A)
RL

B)
XPL

Plate 25 – Photomicrographs of sample 14880. A) Annealed massive magnetite with
minor intergranular silicate. B) Intergranular carbonate in magnetite.
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A)
RL

B)
RL

Plate 26 – Photomicrographs of sample 2095. A) Granoblastic polygonal magnetite. B)
Oxidation along magnetite boundaries associated with veining.
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Figure 36 – Compositional variation of carbonates in Mary River iron formation.
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27.24 wt %, an average MnO value of 16.13 wt %, and an average CaO value of 9.57 wt
%. Carbonates from sample 7974 are solid solution between ankerite and dolomite
(CaFe(CO3)2 – CaMg(CO3)2), plotting towards end member dolomite. FeO ranges from
5.58-8.42 wt %, MgO ranges from 12.82-17.96 wt %, MnO ranges from 0.42-1.38 wt %,
and CaO ranges from 29.4-31.87 wt %. All analyzed carbonate in sample 7983 is solid
solution between dolomite and ankerite, plotting towards end member dolomite. FeO has
a range of 2.38-10.45 wt %, an MgO range of 10.30-20.12 wt %, an MnO range of 1.217.11 wt %, and a CaO range of 27.54-31.27 wt %.
Three species of carbonate are found in sample 14880, calcite, siderite, and solid
solution siderite-rhodochrosite. Six analyses are reported for calcite. They have an MnO
range of 1.51-1.84 wt %, and a CaO range of 47.86-50.84 wt %. FeO and MgO values
were negligible. One analyses reported for siderite has a FeO value of 43.61 wt %, an
MgO value of 3.77 wt %, an MnO value of 8.66 wt %, and a CaO value of 1.29 wt %.
Five analyses are reported for siderite-rhodochrosite. They have a FeO range of 13.2828.6 wt %, a MgO range of 3.11-3.83 wt %, a MnO range of 21.65-33.96 wt %, and
negligible CaO. This results in carbonates that mostly plot towards end member siderite,
with the exception of one analysis that plots towards rhodochrosite.
Twenty-six total analyses were performed on serpentine and talc, twelve in
sample 584.2, eight in sample 7972, three in sample 7983, three in sample 14880. Finegrained serpentine and talc mixtures are difficult to use EMPA on, and report similar
compositions. Analyses of serpentine and talc in sample 584.2 reports that they are either
Fe-rich or Mg-rich (where serpentine is (Mg, Fe)3Si2O5(OH)4 and talc is
Mg3Si4O10(OH)2). In Fe-rich analyses, FeO has a range of 22.85-28.88 wt %, an MgO
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range of 8.50-15.38 wt %, and an Al2O3 range of 0.99-3.92 wt %. Mg-rich analyses have
a FeO range of 10.98-11.69 wt %, an MgO range of 22.08-24.04 wt %, and negligible
Al2O3. Analyses in sample 7972 are Fe-rich, and report a FeO range of 10.60-12.13 wt
%, an MgO range of 21.41-23.49 wt %, and a negligible Al2O3 range. Serpentine
analyses in sample 7983 are Mg-rich, and report a FeO range of 10.55-12.11 wt %, an
MgO range of 21.10-22.40 wt %, and an Al2O3 range of 0.67-3.53 wt %. Serpentines
analyses in sample 14880 reports an FeO range of 16.83-17.32 wt %, an MgO range of
16.42-17.28 wt %, and an MnO range of 5.04-5.59, demonstrating they are slightly
enriched in MnO.
Twenty-one total analyses were performed on amphibole, eight in sample 1-13
and five in sample 584.2, and eight in sample 2104. All analyzed amphiboles from
sample 1-13 returned a tremolite-actinolite composition (Figure 37A). FeO has a range
of 12.79-14.31 wt %, an MgO range of 14.73-16.27 wt %, and a CaO range of 11.8513.00 wt %. All analyzed amphiboles from sample 584.2 are solid solution
cummingtonite-grunerite (Figure 37B). FeO has a range of 27.93-29.54 wt %, and an
MgO range of 13.06-13.81 wt %. All analyzed amphiboles from sample 2104 are solid
solution cummingtonite-grunerite (Figure 37C). FeO has a range of 30.56-32.13 wt %,
an MgO range of 11.45-12.21 wt %, and an MnO range of 1.15-1.45 wt %.
Eight analyses are reported for garnet in sample 2104, and return a composition of
70% almandine 30% spessartine. FeO has a range of 30.11-31.13 wt %, an MgO range
of 0.58-1.32 wt %, an MnO range of 7.90-9.28 wt %, and a CaO range of 1.35-3.31 wt %.
Two analyses of chlorite in sample 584.2 report Fe-rich species. FeO has an average
value of 27.08 wt %, and MgO has an average value of 12.96 wt %.
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Figure 37 – A)
Compositional variation
in amphibole from
sample 1-13. B)
Compositional variation
in amphibole from
sample 584.2. C)
Compositional variation
in amphibole from
sample 2104.
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4.3 Bulk Rock Geochemistry
Twenty samples were selected for whole rock analysis of major, trace, and rare earth
elements (REE) (Appendix A and Appendix C). The analyzed suite consisted of four
samples of banded iron formation (BIF) (<40% Fe), four samples of enriched banded iron
formation (eBIF) (40-60% Fe), and twelve samples of high-grade iron ore (>60% Fe).
High-grade ores have been further subdivided into those that contain 60-68% Fe (termed
high-grade ore), and those that contain over 68% Fe (termed very high-grade ore). The
resultant geochemical database is utilized to gauge trends of enrichment and depletion of
elements occurring during the transit from BIF to eBIF to high-grade ores at Deposit 1.
Samples were specifically selected to display the bulk chemical changes across
boundaries accompanying iron beneficiation. A higher number of high-grade ore
samples were analyzed in order to determine geochemical diversity in the richest iron ore.
All samples were analyzed at Activation Laboratories, Ancaster, Ontario. Due to
problems with accurate digestion of iron at high concentrations the major elements were
determined by fusion X-ray fluorescence spectrometry (XRF). Trace element
geochemistry and REE were determined by a combination of sodium peroxide fusion
with inductively coupled plasma (ICP) and inductively coupled plasma/mass
spectrometry techniques (ICP/MS).
Due to a lack of immobile trace elements in primary BIF, no formal mass-balance
calculations were pursued. Instead, the compositions of eBIF and high-grade iron ore
samples are normalized to the average protolith (BIF) composition. This normalization
permits comparison of geochemical changes during the transit from protolith to ore.
While this type of normalization is unusual, it is not unprecedented (see Gutzmer et al.,
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2008) and is more applicable than attempting to normalize to unrelated standards such as
chondrite and shale (although REE patterns have also been normalized to conventional
shale standards). The enrichment of an element is expressed as a normalization ratio >1,
whereas depletion is expressed as a normalization ratio <1, and a normalization ratio of 1
indicates the element is conserved. A logarithmic scale is used to highlight major trends
and reduce background scatter.
The geological database will be discussed in the following groups: major elements,
transitional metals, large ion lithophile elements (LILE), high field strength elements
(HFSE), REE, and selected trace elements (Tables 4 and 5). Although this subdivision
requires some repetition of specific elements (namely Fe, Mn, K, and Ti), it permits a
simple visual comparison among geochemically related elements.

4.3.1 Major Oxide Geochemistry
In BIF samples, SiO2 varies between 52.6 wt % and 65.8 wt % (Table 4, Figure
38), Fe2O3 values range from 32.37 wt % to 46.43 wt %, MgO ranges from 0.07 wt % to
0.43 wt %, CaO values range from 0.07 wt % to 0.15 wt %, and Na2O, K2O, Al2O3, TiO2
and MnO amounts are negligible.
The SiO2 concentration in eBIF samples varies between 5.23% to 23.4% (Table
4), Fe2O3 concentrations range from 64.83% to 79.39%, Al2O3 for the suite ranged from
0.61% to 5.19%, MnO concentrations vary between 0.4% and 1.67%, MgO varies
between 2.8% and 5.27%, and CaO values range from 0.52% to 9.31%. The
concentration of 0.35% TiO2 and 0.62% P2O5 in sample 158-14869.2 were both
anomalous. Both samples 141-7972 and 141-7974 had anomalous LOI (5.48% and
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BIF
0% - <45% Fe
Range
Average
Major Oxides
SiO2 (wt %)
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
Cr2O3
LOI

52.6-65.8
0.02
0.23-0.59
32.37-46.43
0.01-0.05
0.07-0.43
0.07-0.15
<0.01
0.03-0.08
0.06-0.12
<0.01-0.03
*-0.7-0.4

57.55
0.02
0.4
41.05
0.025
0.22
0.13
<0.01
0.048
0.09
0.015
-0.3

V2O5

<0.003

<0.003

Transition
V (ppm)
Mn
Fe (%)
Co
Ni
Cu
Zn

<5-14
97-472
23.3-31.6
3.1-7.7
<10-20
8-54
<30-30

LILE
Rb (ppm)
Cs
Sr
Ba
K (%)
Li
Be
Pb

eBIF
45% - <60% Fe
Range
Average
4.86-23.4
0.02-0.35
0.61-5.19
64.83-79.39
0.4-1.67
2.8-5.27
0.52-9.31
<0.01-0.01
0.01-0.04
0.21-0.62
<0.01-0.03
-13.2
<0.0030.014

10.21
0.11
2.16
72.91
1.05
3.91
3.83
<0.01
0.02
0.35
0.018
4.1

10.75
240.25
29.58
5.7
15
30
30

<5-111
3400-13500
45.1
2.1-24.2
<10-110
3-42
<30-120

39.75
8677.5
54.7
8.75
37.5
19
67.5

<0.4-1.8
<0.1
6-9
<3-5
<0.1
<3-5
<3
5.7-15.7

2.65
<0.1
7.75
4
<0.1
3.5
<3
9.65

<0.4-0.7
<0.1-0.1
6-27
3-5
<0.1
<3-6
<3
<0.8-19

HFSE
Y (ppm)
Ti (%)
Hf
Zr
Nb
Th
Ta
U

4.6-7.8
<0.01
<10
n.a
<2.4-2.4
0.3-0.5
<0.2-7.2
<0.1-0.3

6.25
<0.01
<10
n.a
2.4
-0.425
1.95
0.2

REE
La (ppm)
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Y
Ho
Er
Tm
Yb

1.8-3.7
3.4-6.2
0.4-0.8
1.8-7.1
0.4-0.6
0.2-0.5
0.5-0.7
<0.1-0.1
0.6-0.9
4.6-7.8
<0.2-0.2
0.4-0.6
<0.1
0.4-0.7

2.85
4.83
0.63
3.5
0.53
0.35
0.58
0.1
0.73
6.25
0.2
0.53
<0.1
0.53

High-Grade Ore
60% - <68% Fe
Range
Average
3.72
0.03
0.98
93.47
0.16
0.69
0.69
<0.01
0.021
0.52
0.07
-0.84

0.1-7.44
0.01-0.35
0.05-5.32
81.23-101.8
0.04-1.54
0.03-3.55
<0.01-0.86
<0.01
0.01-0.05
0.01-0.63
<0.01-0.03
-2.6-0.44

1.89
0.08
1.32
95.96
0.41
0.84
0.19
<0.01
0.03
0.14
0.01
-1.35

<0.003

<0.003-0.02

<0.003

<5-48
321-2740
63.7-67.8
4.1-24.1
<10-40
4-239
<30

19.71
1166.29
65.43
10.83
21.14
62.13
<30

<5-16
351-8170
68-70
5.4-25.1
<10-50
8-13
<30-50

7.2
2435.8
68.86
13.7
27.8
11
37.6

0.475
<0.1
16.75
3.75
<0.1
4.25
<3
7.28

<0.4-0.7
<0.1
<3-23
<3-7
<0.1
<3-12
<3
8-14.6

<0.4
<0.1
10.71
3.14
<0.1
4.86
<3
6.23

<0.4-2
<0.1
<3-11
<3-4
<0.1
<3-7
<3
<0.8-15

0.82
<0.1
5
<3
<0.1
3.6
<3
5.94

12.3-22.5
<0.1-0.21
<10
n.a
<2.4
0.6-5.1
<0.2-3.3
0.2-1.5

18.075
0.065
<10
n.a
<2.4
2
0.98
0.58

4.3-31.7
<0.01-0.02
<10
n.a
<2.4
0.3-1.4
<0.2-2.6
0.1-0.5

14.83
0.01
<10
n.a
<2.4
0.64
<0.2
0.3

1.7-14.9
<0.01-0.01
<10
n.a
<2.4-5.5
0.1-2
<0.2-0.4
0.1-9.8

8.68
<0.01
<10
n.a
<2.4
0.56
<0.2
2.14

5.7-15.8
10-19.3
1.3-3.5
5.7-14.4
1.4-2.9
0.8-1.2
1.5-2.1
0.3-0.4
1.8-2.9
12.3-22.5
0.4-0.7
1.2-2
0.2-0.3
1.3-2.2

10.45
19.33
2.28
9.43
1.93
1.03
1.88
0.33
2.33
18.075
0.53
1.55
0.23
1.68

0.6-8.5
1.4-21.1
0.2-2.6
0.6-10.8
0.2-2.3
0.1-1.5
0.9-1.5
<0.1-0.6
0.5-3.9
4.3-31.7
<0.2-0.9
0.3-2.5
<0.1-0.4
0.4-2.3

6.09
10.39
1.33
5.33
1.19
0.77
1.36
0.27
1.77
14.83
0.43
1.16
0.17
1.13

1-7.5
1.6-17.9
0.1-1.8
0.6-8.3
0.1-1.3
<0.1-0.6
0.1-1.1
<0.1-0.2
<0.3-1.7
1.7-14.9
<0.2-0.4
0.1-1.3
<0.1-0.2
0.1-1.3

3.34
6.92
0.76
3.26
0.64
0.36
0.66
0.16
1.02
8.68
0.3
0.72
0.1
0.72

0.006

0.4-7.77
0.01-0.5
0.34-1.2
90.37-98.28
0.04-0.47
0.05-1.12
0.02-2.89
<0.01
0.01-0.04
0.02-2.21
<0.01-0.38
-2.3-1.03
<0.0030.005

Very High-Grade Ore
68% - >70% Fe
Range
Average

Table 4 – Range and averages of concentrations of elements in iron formation.
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Trace
Bi
Se
Ag
Cd
As
Sn
Sb
Mo
B
Ga
Ge
In
Te
W
Cr
Tl

<2
<0.8-1.2
<10
<2
<5-15
<0.5-24.4
<2-3
<1-2
<10
1.2-1.8
7-10.9
<0.2
<6
<0.7-7.1
<30-230
<0.1

<2
0.95
<10
<2
7.5
6.86
2.25
1.25
<10
1.5
9.6
<0.2
<6
3.5
80
<0.1

<2
<0.8-2.4
<10-70
<2
<5
<0.5-1.6
<2
<1-136
<10
1.6-20.3
13.1-17.7
<0.2
<6
<0.7-8.9
<30-220
<0.1

<2
1.35
25
<2
<5
1.03
<2
36.5
<10
7.55
15.45
<0.2
<6
3.8
77.5
<0.1

<2
<0.8-1.5
<10
<2
<5
<0.5-1.4
<2
<1-3
<10
1.5-9.4
11.5-29.9
<0.2
<6
<0.7-10.8
<30-120
<0.1-0.2

<2
0.8
<10
2
<5
<0.5
<2
1
<10
3.83
18.06
<0.2
<6
2.43
42.86
<0.1

<2-10
<0.8
<10-20
<2
<5-11
<0.5-6.2
<2-2
<1-18
<10
0.4-5.9
11.4-17.6
<0.2
<6
<0.7-96
<30-50
<0.1

2
<0.8
11.2
<2
5.4
1.8
<2
4.5
<10
2.22
15.3
<0.2
<6
21.42
37.4
<0.1

Table 4 (cont)
eBIF
45% - <60% Fe
Range
Average

High-Grade Ore
60% - <68% Fe
Range
Average

Very High-Grade Ore
68% - >70% Fe

Major
SiO2 (wt %)
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
Cr2O3
LOI
V2O5

0.084-0.41
1-17.5
1.53-13.06
1.58-1.93
16-66.8
12.87-24.23
4.16-74.48
1
0.21-0.84
2.33-6.89
0.67-2
-43-5.67
1-4.67

0.18
5.5
5.43
1.78
41.9
17.99
30.64
1
0.42
3.83
1.33
-13.65
1.92

0.007-0.14
0.5-2.5
0.86-3.02
2.2-2.39
2-18.8
0.23-5.15
0.16-23.12
1
0.21-0.84
0.22-24.56
0.67-25.33
-3.43-7.67
1-1.67

0.06
1.43
1.84
2.28
6.29
3.17
5.49
1
0.45
5.73
4.48
2.79
1.1

0.002-0.13
0.5-17.5
0.13-13.38
1.98-2.48
1.6-61.6
0.14-16.32
0.08-6.88
1
0.21-1.05
0.11-7
0.67-2
-1.47-8.67
1-5.33

0.03
4.2
3.32
2.34
6.32
3.86
1.49
1
0.55
1.58
0.93
4.51
1.87

Transition
V (ppm)
Mn
Fe (%)
Co
Ni
Cu
Zn

0.47-10.33
14.15-56.19
1.52-1.87
0.37-4.25
0.67-7.33
0.23-1.4
1-4

3.7
36.12
1.71
1.54
2.5
0.63
2.25

0.47-4.47
1.34-11.41
2.15-2.29
0.72-4.23
0.67-2.67
0.13-7.97
1

1.83
4.85
2.21
1.9
1.43
2.07
1

0.47-1.49
1.46-34
2.3-2.37
0.95-4.4
0.67-3.33
0.27-0.43
1-1.67

0.73
10.14
2.33
2.4
1.87
0.37
1.27

LILE
Rb (ppm)
Cs
Sr
Ba
K (%)
Li
Be
Pb

0.15-0.26
1
0.77-3.48
0.75-1.25
1
0.86-1.71
1
0.08-1.97

0.18
1
2.16
0.94
1
1.21
1
0.75

0.15-0.26
1
0.39-2.97
0.75-1.75
1
0.86-3.43
1
0.15-1.51

0.17
1
1.38
0.96
1
1.39
1
0.65

0.15-0.75
1
0.39-1.42
0.75-1
1
0.86-2
1
0.08-1.55

0.31
1
0.72
0.8
1
1.14
1
0.62

Table 5 – Range and average of normalization ratios between eBIF, high-grade ore, and
very high-grade ore.
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HFSE
Y (ppm)
Ti (%)
Hf
Zr
Nb
Th
Ta
U

1.97-3.6
1-21
1
n.a
1
1.41-12
0.1-1.69
1-7.5

2.89
6.5
1
n.a
1
4.71
0.5
2.88

0.69-5.07
1-2
1
n.a
1
0.71-3.29
0.1-1.33
0.5-2.5

2.37
1.43
1
n.a
1
1.51
0.28
1.5

0.27-2.18
1
1
n.a
1-2.29
0.24-4.71
0.1-0.21
0.5-49

1.39
1
1
n.a
1.26
1.32
0.12
10.7

REE
La (ppm)
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Y
Ho
Er
Tm
Yb
Lu

2-5.54
2.07-6.07
2.08-5.6
1.63
2.67-5.52
2.29-3.43
2.61-3.65
3-4
2.48-3.31
1.97-3.6
2-3.5
2.29-3.81
2-3
2.48-4.19
n.a

3.67
4
3.64
4.11
3.67
2.93
3.26
3.25
3.21
2.89
2.63
2.95
2.25
3.19
n.a

0.21-4.21
0.29-4.37
0.32-4.16
0.17-3.09
0.38-2.67
0.29-4.29
0.7-5.22
1-6
0.69-5.38
0.69-5.07
1-4.5
0.57-4.76
1-4
0.76-4.38
n.a

2.14
2.15
2.13
1.52
2.26
2.2
2.36
2.71
2.44
2.37
2.14
2.2
1.71
2.15
n.a

0.35-2.63
0.33-3.71
0.16-2.88
0.17-2.37
0.19-2.48
0.29-1.71
0.17-1.91
1-2
0.41-2.34
0.27-2.18
1-2
0.19-2.1
1-2
0.19-2.48
n.a

1.17
1.43
1.22
0.93
1.22
1.03
1.15
1.6
1.41
1.39
1.5
1.37
1.4
1.37
n.a

Trace
Bi
Se
Ag
Cd
As
Sn
Sb
Mo
B
Ga
Ge
In
Te
W
Cr
Tl

1
0.84-2.53
1-7
1
0.67
0.073-0.23
0.89
0.8-108.8
1
1.06-13.53
1.36-1.84
1
1
0.2-2.54
0.375-2.75
1

1
1.42
2.5
1
0.67
0.15
0.89
29.2
1
5.03
1.61
1
1
1.09
0.97
1

1
0.84-1.58
1
1
0.67
0.073-0.2
0.89
0.8-2.4
1
1-6.27
1.2-3.11
1
1
0.2-3.09
0.38-1.5
1-2

1
1.05
1
1
0.67
0.09
0.89
1.14
1
2.55
1.88
1
1
0.69
0.57
1.14

1-5
0.84
1-2
1
0.67-1.47
0.07-1.47
0.89
0.8-14.4
1
0.27-3.93
1.19-1.83
1
1
0.2-27.43
0.38-0.63
1

1.8
0.84
1.2
1
0.83
0.83
0.89
3.84
1
1.48
1.59
1
1
6.12
0.48
1

Table 5 (cont.)
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Figure 38 – Major oxide concentrations in BIF.

12.9% respectively), likely the result of CO3. All other major oxide abundances were
low to negligible.
With normalization for the eBIF, SiO2 concentrations decreased on average by
82%, however ratios vary from 0.08-0.41 (Table 5, Figure 39A). TiO2 and Al2O3
increased in concentration, on average by enrichment ratio of 5.5. Ratios in TiO2 varied
from 1-17.5, and in Al2O3 from 1.53-13.06. Fe2O3 increased in concentration by an
average enrichment ratio of 1.78, with a range of 1.58-1.93. MnO, MgO, and CaO all
had significant gains in concentrations (on average, enrichment ratios of 4.19, 17.99, and
30.64 respectively), and wide ranges in ratios (16-66.8, 12.87-24.23, and 4.16-74.48).
P2O5, Cr2O3, and V2O5 had moderate gains in concentration (average gains of 3.83, 1.33,
and 1.92), with ratios also having a moderate variance (2.33-6.89, 0.67-2, and 1-4.67
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A)

B)

C)

Figure 39 – A) Major oxides
of eBIF normalized against
BIF. B) Major oxides of
high-grade ore normalized
against BIF. C) Major
oxides of very high-grade
ore normalized against BIF.
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respectively). K2O decreases in concentration by an average depletion ratio 0.42, and a
range in ratios of 0.21-0.84.
Prior to normalization, high-grade iron formation samples have SiO2
concentrations in weight percent that varies between 0.4% and 7.77% (Table 4). Fe2O3
values range from 90.37% to 98.28%. Al2O3 concentrations range from 0.34% to 1.2%.
Sample 158-14897 had an anomalous concentration of P2O5 at 2.21% (average P2O5 is
0.52%). Sample 158-588.2 had an anomalous amount of Cr2O2 at 0.38% (average of
0.07%). All other major oxide amounts were low to negligible.
With normalization of the high-grade values it is shown that, on average, silica
depletion is 94% (with a ratio range of 0.007-0.14), demonstrating that silica is
continually lost during the enrichment process (Table 5, Figure 39B). TiO2 and Al2O3
have similar ratios of 1.43 and 1.84 on average (with ratio ranges of 0.5-2.5, and 0.863.02). Fe2O3 shows an average enrichment ratio of 2.3 compared to the parent BIF (ratio
range of 2.2-2.39). MnO shows an enrichment ratio average of 6.29 compared to BIF
levels, with a ratio range of 2-18.8. This increase is less than eBIF levels (41.9). MgO
has a ratio range of 0.23-5.15. (average of 3.17). P2O5 and CaO enrichment is similar
(average ratio of 5.73 and 5.49; ratios of 0.22-24.56 and 0.16-23.12). K2O shows a
depletion ratio of 0.50 (ratio 0.21-84). Cr2O3 show significant enrichment at 4.0 and 3.0
respectively (range of 0.11-24.56 and 0.667-25.33). V2O5 shows slight enrichment, with
an average of 1.10 (ratio range of 1-1.67).
Prior to normalization, very high-grade ore samples have a silica average of 1.89
wt % (range of 0.1-7.44) (Table 4). Fe2O3 has an average of 95.96 wt % (range of 81.23 -
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101.8). Al2O3 has an average wt % of 1.32 (range of 0.05-5.32). All other major oxide
amounts were low to negligible (< 1 wt %).
With normalization of very high-grade ore samples of the protolith BIF most
major elements display trends of enrichment, with the notable exception being silica
(Table 5, Figure 39C). SiO2 shows an average depletion of 97% (ratio range of 0.0020.13). Fe2O3 shows an average enrichment ratio of 2.34 (ratio range of 1.98-2.48). Al2O3
and MgO shows similar enrichment averages of 3.32 and 3.86 respectively (ratio ranges
of 0.13-13.38 and 0.13-16.32). TiO2 has an enrichment average of 4.2 (ratio range of 0.517.5). MnO shows significant enrichment with an average ratio of 16.32 (range of 1.661.6). CaO, P2O5, and V2O5 all show similar enrichment ratio averages of 1.49, 1.58, and
1.87 respectively (ratio ranges of 0.08-6.88, 0.11-7, and 1-5.33). Na2O remained
constant, and Cr2O3 has a slight depletion (ratio range of 0.67-2, average of 0.93). K2O
shows depletion, with a ratio average of 0.55 (range of 0.21-1.05).
Notable trends of enrichment and depletion are visible across all types of iron
formation. In particular, analyses clearly demonstrate that as silica is lost, iron is gained
(Figure 40). This is evidenced in both pre-normalized and normalized data (see Tables 4
and 5). In particular, MnO, MgO, and CaO display significant enrichment in eBIF, and
then depletion with the transit to very high-grade ore.
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Figure 40 – Comparison of Fe2O3 and SiO2 for all samples of iron formation.

4.3.2 Transition Metal Geochemistry
Fe is a member of the transition elements that occupy the fourth period of the d-block
of the periodic table. Other elements include scandium8 (Sc), titanium9 (Ti), vanadium
(V), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu),
and zinc (Zn).
Absolute concentrations of these elements is typically low in the parent BIF,
typically not exceeding 50 ppm (Table 4, Figure 41). A notable exception is manganese
(Mn), which has a much higher concentration (97 - 472 ppm). This is further evidenced
in Figure 40, which shows featureless and flat patterns with the exception of Mn. Fe is
8
9

Scandium is not included in this study due to a lack of data.
Titanium is considered a high field strength element, and so is discussed later.
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measured as a total percentage of the rock, however it also shows little variation between
samples.

Figure 41 – Transition metal concentrations in BIF. *Fe is measured as a percentage, not
in ppm.
Within eBIF samples, absolute concentrations of most transition elements is low
(<60 ppm), however slight increases are demonstrated (Table 4). Once again, a notable
exception is Mn and Fe, which show respective averages of 8677.5 ppm and 54.7% Fe.
Normalization to the parent BIF shows marked increases in V (average of 3.70, range of
0.47-10.33), Ni (average of 2.50, range of 0.67-7.33), Zn (average of 2.25, range of 1-4)
and Co shows a slight enrichment (1.54, range of 0.37-4.25) (Table 5, Figure 42A). Cu
shows a slight depletion (0.63 of BIF value, range of 0.23-1.4). Fe also shows
enrichment, with an average of 1.71 (range of 1.52-1.87). Mn displays significant
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increases (average ratio of 36.12, range of 14.15-56.19).

A)

B)

C)

Figure 42 – A) Transition
metal concentrations in
eBIF normalized against
BIF. B) Transition metal
concentration of high-grade
ore samples normalized
against BIF. C) Transition
metal concentration in very
high-grade ore samples
normalized to BIF.
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Within high-grade samples, absolute concentrations of transition elements remain
low (<50 ppm) (Table 4), with the exception of Mn (average of 1166.29 ppm) and Cu
(average of 62.13 ppm, but varies from 4-239 ppm). Fe has an average of 65.43%.
Normalization shows only slight enrichments for V, Co, Ni, and Zn when compared to
the parent BIF (average ratios between 1-2) (Table 5, Figure 42B). Mn, Fe, and Cu show
significant enrichments (in excess of 200%).
Within very high-grade ore samples, absolute concentrations of transition
elements are low (<40 ppm) (Table 4). Mn and Fe are the lone exceptions, with Mn
averaging 2435.8 ppm, and Fe having an average concentration of 68.86 %. With
normalization to the parent BIF, elements predominantly show enrichments (Table 5,
Figure 42C). Ni and Cu are slightly enriched, with normalization ratios of 1.87 and 1.27
respectively (ratio ranges of 0.67-3.33 and 1-1.67). Fe, Mn, and Co show significant
enrichments with average ratios of 2.33, 10.14, and 2.4 (ratio ranges of 2.3-2.37, 1.46-34,
and 0.95-4.4). V and Cu show slight depletion, with average ratios of 0.73 and 0.37
(ratio ranges of 0.47-1.49 and 0.27-0.43).
Comparison between normalized values of eBIF, high-grade ore, and very highgrade ore shows patterns of enrichment in Fe and Co, depletion in V, Mn, and Ni (see
Table 5). Cu and Zn are considered statistically insignificant due to the presence of
outliers within the raw sample set. Fe and Co continually increase in concentration with
the change across iron formation types suggesting that they are linked. V shows
continued decrease in concentration across iron formation types. Mn and Ni show
decreases in concentration from eBIF to high-grade ore, but increases in concentration
from high-grade ore to very high-grade ore.
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4.3.3 Large Ion Lithophile Element Geochemistry
Large ion lithophile elements (LILE) are typified by large ionic radius’ with low
ionic charge. This group of elements shows consistent incompatible geochemical
behaviors. Elements included here are rubidium (Rb), cesium (Cs), strontium (Sr),
barium (Ba), potassium (K), lithium (Li), beryllium (Be), and lead (Pb). During fluidrock interactions, these elements are generally mobile.
Absolute concentrations of these elements in the parent BIF are exceptionally low
and many cases occur at concentrations at less than detectable levels (Table 4, Figure 43).
This is typical of most BIFs. Cs and Be have concentrations at less than detectable
amounts (<0.1 ppm and <3 ppm respectively). Concentrations of Rb, Ba, and Li are
below 5 ppm. Sr and Pb have concentrations of <16 ppm. While K is not measured in
ppm, it occurs as below detectable limits <0.1% in all samples of BIF, eBIF, and highgrade ores.

Figure 43 – Concentrations of LILE in BIF. *K is measured as a percentage of the total
sample.
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Absolute concentrations of LILE in eBIF samples remains low (Table 4). Rb, and
Cs have concentrations <1 ppm, while K and Be occur at less than detectable levels. Ba
and Li have concentrations of <6 ppm. Sr and Pb are slightly elevated, occurring in
average concentrations of 16.75 ppm and 7.28 ppm respectively. Normalization to BIF
shows that little change occurs in concentrations (Table 5, Figure 44A). Two exceptions
are Rb and Sr, with Sr doubling in concentration (average normalization ratio of 2.16)
and Rb decreasing in concentration by 82% (average normalization ratio of 0.18).
Absolute concentrations within high-grade ore are shown in Table 3. Sr and Li
show slight enrichments with average normalization ratios of 1.38 and 1.39 respectively.
Cs, Ba, K, and Be remain unchanged, with average normalization ratios hovering around
1. Rb and Pb show depletions, with average normalization ratios of 0.17 and 0.65
respectively (Table 5, Figure 44B).
The very high-grade ore samples all show absolute concentrations in LILE of <15
ppm (Table 4). Cs and Be have concentrations at less than detectable levels. With
normalization of these values, all elements remain either constant or show depletions
(Table 5, Figure 44C). An exception is Li, which shows slight enrichment (average ratio
of 1.14). Cs, K, and Be have average normalization ratios of 1. Sr, Ba, and Pb show
slight depletions, with average normalization ratios of 0.72, 0.8, and 0.62 respectively.
Rb shows strong depletion, with an average normalization ratio of 0.31. It is noted that
because elements occur in such low amounts, changes shown by normalization may be
meaningless.
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A)

B)

C)

Figure 44 – A) LILE
concentrations in eBIF
normalized against BIF. B)
LILE concentrations in
high-grade ore normalized
against BIF. C) LILE
concentrations in very highgrade ore normalized
against BIF.
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A comparison across normalization ratios of eBIF, high-grade ore, and very highgrade ore shows that LILE concentrations remain fairly constant with the exception of Sr
(Table 5). Sr shows depletion with the change from eBIF to very-high grade ore.

4.3.4 High Field Strength Element Geochemistry
The high field strength elements (HFSE) define a group of elements that occur as
small, highly charged cations. This group includes yttrium (Y), titanium (Ti), hafnium
(Hf), niobium (Nb), thorium (Th), tantalum (Ta), and uranium (U). The REE are often
placed in this group of elements, but they are discussed separately below.
Absolute concentrations of these elements within the parent BIF is exceptionally
low (Table 4, Figure 45). Ti occurs at below detectable levels (<0.01%), as does Hf (<10
ppm). Th and U have concentrations of <1 ppm, and Nb and Ta have concentrations of
<3 ppm. Y has slightly higher concentrations of <8 ppm.

Figure 45 – Concentrations of HFSE in BIF. *Ti is measured as a percentage of the total
sample.
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Within eBIF samples absolute concentrations are <5 ppm, with the exception of
Y, which occurs at <23 ppm (Table 4). Ti, measured in %, does not exceed 0.21%. With
normalization, subtle enrichment is visible in Y, Ti, Th, and U, which show average
ratios of 2.89, 6.5, 4.71, 2.88 (Table 5, Figure 46A). Ta shows depletion, with an average
ratio of 0.5. Changes in Hf and Nb are undeterminable due to their immeasurable
concentrations.
In high-grade ores, absolute concentrations of HFSE remains exceptionally low
(Table 4). Hf and Nb are undetected, while Th, Ta, and U have concentrations of <3
ppm. Ti, measured in %, has a concentration of less than 0.02. Y has an average
concentration of 14.82 ppm, and a range of 4.3-31.7 ppm. When normalized to the parent
BIF, this enrichment trend is particularly evident (Table 5, Figure 46B). Y shows
significant enrichment, with an average normalization ratio of 2.37 (range of 0.69-5.07).
Ti, Th, and U show minor enrichment, with normalization ratios of 1.43, 1.51. and 1.5
respectively. Ta shows a depletion, with a normalization ratio of 0.28 (range of 0.11.33).
In very high-grade ores, absolute concentrations of HFSE remain low (Table 4).
Nb, Th, Ta, and U have concentrations of < 10 ppm. Hf occurs at less than detectable
levels. Y occurs in concentrations of <15 ppm. With normalization, enrichment is
evident, but at levels that are slightly less than the high-grade ore (Table 5, Figure 46C).
U shows significant enrichment, with an average normalization ratio of 10.7 (range of
0.5-49). Y, Nb, and Th display slight enrichment (1.39, 1.26, 1.32). Ti and Hf remain
unchanged, and Ta shows depletion (average ratio of 0.12, range of 0-0.21). Compared
to eBIF and high-grade ore samples, these samples are comparatively less enriched in the
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A)

B)

C)

Figure 46 – A) HFSE
concentrations in eBIF
samples normalized
against BIF. B) HFSE
concentrations in highgrade ore samples
normalized against BIF.
C) HFSE concentrations
in very high-grade ore
samples normalized
against BIF.

147
HFSE.
A comparison of normalized ratios of eBIF, high-grade ore, and very high-grade
ore shows predominantly patterns of depletion. Y, Ti, Th, and Ta all show depletion with
change in iron grade, whereas U shows depletion from eBIF to high-grade ore, and
enrichment with a comparison of high-grade ore to very high-grade ore. This pattern in
U is tentatively attributed to the limited sample set, but may be due to mobility. Nb
shows a statistically insignificant change.

4.3.5 Rare Earth Element Geochemistry
Rare earth elements (REE) are a coherent group of elements that form the lanthanide
series on the periodic table. The group shares many similarities in their chemical and
physical characteristics. Differences in their geochemical behavior are the results of
increasing atomic number with decreasing atomic radius. Eu and Ce are redox sensitive.
Y is included again in this section due to its similarities to Ho. Following convention,
these elements are subdivided into light REE (LREE), middle REE (MREE), and heavy
REE (HREE). Light REE are comprised of the elements lanthanum (La), cerium (Ce),
praseodymium (Pr), and neodymium (Nd.). Middle REE are comprised of the elements
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), and
holmium (Ho). Y is also included in this group. Heavy REE are comprised of erbium
(Er), thulium (Th), ytterbium (Yb), and lutetium (Lu)10.
The REE have been normalized to both the parent BIF and conventional shale
standards. Presentation is broken into LREE, MREE, and HREE.

10

Lutetium (Lu) is another HREE, but not included in this study due to a lack of data.
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4.3.5.1 Normalization to NASC
REE have been normalized to conventional shale standard (North American Shale
Composite (NASC), data is found in Appendix C. This normalization reduces the socalled Oddo-Harkins effect (that is, elements with an even atomic number occur in higher
abundances than those with odd atomic numbers). Within BIF, normalization produces
REE distribution patterns that display significant depletion across all the elements (Figure
47). Normalization of eBIF shows enrichments of HREE compared to LREE (Figure
48A). Normalization of high-grade ore shows similar results as eBIF (Figure 48B). Very
high-grade ore samples are also more enriched in HREE than LREE, but the enrichment
factors compared to eBIF are much smaller (Figure 48C).

Figure 47 - REE concentrations in BIF normalized against NASC. Normalizing values
after Haskin et al., 1968, with the exception of Dy after Gromet et al., 1984.
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A)

B)

C)

Figure 48 – A) REE
concentrations in eBIF
normalized against
NASC. B) REE
concentrations in highgrade ore normalized
against NASC. C)
REE concentrations in
very high-grade ore
normalized against
NASC. Normalizing
values after Haskin et
al., 1968, with the
exception of Dy after
Gromet et al., 1984.
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4.3.5.2 Normalization to Parent BIF
Within the parent BIF, LREE concentrations are low, with La, Ce, Pr, and Nd
having averages of 2.85, 4.83, 0.63, and 3.5 ppm (Table 4, Figure 49A). MREE
concentrations are <1 ppm, with the exception of Y, which averages 6.25 ppm. The
HREE also have exceptionally low concentrations of <0.55 ppm.
In eBIF, LREE have much higher concentrations, with La, Ce, Pr, and Nd having
averages of 10.45, 19.33, 2.28, and 9.43 ppm respectively (Table 4, Figure 49B). The
MREE average is <2.5 ppm, with the exception of Y, which averages 18 ppm. HREE
have average concentrations of <2 ppm. With normalization, all REE show enrichment
by a factor of at least 2.25, with most increasing by a factor of 3 (Table 5, Figure 51A).
In high-grade ore samples, LREE are once again elevated when compared to
MREE and HREE (Table 4, Figure 50A). La, Ce, Pr, and Nd have average normalization
ratios of 6.09, 10.39, 1.33, and 5.33 ppm respectively. MREE are <1.55 ppm, once again
with the exception of Y, which averages 14.83 ppm. HREE are all <1.25 ppm. With
normalization, all REEs show enrichment by a factor of at least 2, the only exceptions
being Nd and Tm, which have average normalizations of .152 and 1.71 respectively
(Table 5, Figure 51B). Notably, sample 177-756 shows depletion of all REE with the
exceptions of Tb, Ho, and Tm, which remain unchanged.
In very high-grade ore samples, LREE are elevated when compared to MREE and
HREE (Table 4, Figure 50B). La, Ce, Pr, and Nd have average concentrations of 3.34,
6.92, 0.76, and 3.26 ppm respectively. MREE is <1 ppm on average, with the exception
of Y, which averages 8.68 ppm. HREE are <1 ppm. With normalization to the parent
BIF, enrichment occurs for all REE, with the exception of Nd (average normalization
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Figure 49 – A) REE concentrations in BIF. B) REE concentrations in eBIF.
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Figure 50 – A) REE concentrations in high-grade ore. B) REE concentrations in very
high-grade ore.
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A)

B)

C)

Figure 51 – A) REE
concentrations in eBIF
normalized against BIF.
B) REE concentrations
in high-grade ore
normalized against BIF.
C) REE concentrations
in very high-grade ore
normalized against BIF.
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ratio of 0.93) (Table 5, Figure 51C). Enrichment averages vary between 1.03 for Eu, and
1.43 for Ce. Notably, samples 166-2061 and 177-778 show significant depletion of all
REE with the exception of Tb, Ho, and Tm, which remain unchanged. HREE are more
enriched than LREE.
A comparison of normalized data of eBIF, high-grade ore, and very high-grade
ore demonstrates that all REE are depleted in the enrichment process of eBIF to very
high-grade ore (Table 5). A comparison of eBIF to the parent BIF shows that all REEs
show enrichment demonstrating that they are immobile and not affected by the
preliminary enrichment processes.

4.3.6 Trace Elements
Most trace elements occurred in very low to undetectable levels, and display
statistically insignificant trends of enrichment or depletion (Table 4 and 5). Those that do
show patterns include tin (Sn), molybdenum (Mo), gallium (Ga), germanium (Ge), and
tungsten (W).
Within the parent BIF, absolute concentrations are low (Table 4, Figure 52). Sn
ranges from <0.5 to 24.4 ppm (average of 6.86). Mo and Ga are both low, averaging 1.25
ppm (ranges of <1-2 and 1.2-1.8 ppm). W averages 3.5 ppm (range of <0.7-7.1 ppm),
and Ge averages 9.6 ppm (range of 7-10.9 ppm).
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Figure 52 – Select trace element concentrations in BIF.

In eBIF, absolute concentrations are both higher and lower (Table 4). Sn
averages lower at 1.03 ppm (range <0.5-1.6 ppm), and W remains constant (average of
3.8 ppm, range of <0.7-8.9). Mo sees significant increase, with a new average
concentration of 36.5 ppm (range of <1-136 ppm). Ga and Ge see increases to averages
of 7.55 and 15.45 ppm (ranges of 1.6-20.3 and 13.1-17.7 ppm).
With normalization of eBIF samples to the parent BIF, elements show subtle
depletion, remain constant, or are enriched (Table 5, Figure 53A). Sn is depleted, with a
normalization ratio of 0.15 (range of 0.073-0.23). W remains relatively constant with an
average normalization ratio of 1.09 (but a range of 0.2-2.54). Ge is slightly enriched,
with an average normalization ratio of 1.61 (range of 1.36-1.84). Ga and Mo show
significant enrichments, with average normalization ratios of 5.03 and 29.2 (and
respective ranges of 1.36-1.84 and 0.8-108.8).
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A)

B)

C)

Figure 53 – A) Select
trace elements in eBIF
samples normalized
against BIF. B) Select
trace elements in highgrade ore samples
normalized against BIF.
C) Select trace elements
in very high-grade ore
samples normalized
against BIF.
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In high-grade ore samples, absolute concentrations are typically low (Table 4). Sn
averages at less than detectable levels (<0.5 ppm). Ga, W, and Mo average <4 ppm, but
have wide ranges. Ga ranges from 1.5-9.4 ppm, W ranges from <0.7-10.8 ppm, and Mo
ranges from <1-3 ppm. Ge has a much higher concentration, averaging 18.06 ppm (range
of 11.5-29.9 ppm).
With normalization of high-grade samples to the parent BIF, Sn and W are depleted,
whereas Mo, Ga, and Ge are enriched (Table 5, Figure 53B). Sn has an average
normalization ratio of 0.09 (range of 0.073-0.2), whereas W is comparably less depleted
with an average normalization ratio of 0.69 (but a range of 0.2-3.09). Mo is slightly
enriched, with an average normalization ratio of 1.14 (range of 0.8-2.4). Ga and Ge
higher levels of enrichment, with average normalization ratios of 2.55 and 1.88
respectively (ranges of 1-6.27 and 1.2-3.11).
In very high-grade ore samples, absolute concentrations are wide-ranging (Table 4).
Sn averages 1.8 ppm (range of <0.5-6.2 ppm), and Ga averages 2.22 ppm (range of 0.45.9 ppm). Mo has an average concentration of 4.5 ppm, with a range of <1-18 ppm. Ge
and W have much higher concentrations, averaging 15.3 and 21.42 ppm (with ranges of
11.4-17.6 and <0.7-96 ppm).
With normalization of very high-grade samples to the parent BIF, all elements show
enrichments with the exception of Sn (Table 5, Figure 53C). Sn shows depletion, with an
average normalization ratio of 0.83 (range of 0.07-1.47). Ga and Ge show slight
enrichments, with average normalization ratios of 1.48 and 1.59 (ranges of 0.27-3.93 and
1.19-1.83). Mo and W show significant enrichments, with averages of 3.84 and 6.12
(ranges of 0.8-14.4 and 0.2-27.43).
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A comparison between normalized values of eBIF, high-grade ore, and very highgrade ore display patterns (Table 5). W shows depletion from eBIF to high-grade ore,
but then displays significant enrichment in very high-grade iron ore. This is tentatively
attributed to statistical outliers. Sn demonstrates depletion from eBIF to high-grade ore,
then enrichment from high-grade ore to very high-grade ore, although all types of iron
formation remain depleted when compared to the parent BIF. Ga and Ge display
depletion with the change to more enriched types of iron formation. Mo shows depletion
from BIF to high-grade ore, but then shows enrichment with a comparison of high-grade
ore to very-high grade ore.
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CHAPTER 5
DISCUSSION

5.1 Introduction
The goal of this thesis is to determine the metallogenic framework of the high-grade
iron ores in the Mary River Group. This has been accomplished by documenting the
geological setting through field mapping, core logging, and petrography supplemented by
bulk rock and mineral chemistry. Aspects presented in earlier chapters are combined
here to provide an interpretation of the ore setting and deposit genesis. Section 5.2
discusses the Paleoproterozoic environment of the high-grade ore outlined in Chapter 2.
This is an important consideration for interpreting the genesis of the ores as dome-andkeel structural boundaries are the key tectonic control to high-grade mineralization. In
particular, there is evidence for hydrothermal removal of silica from iron formation along
dome/keel contacts. Section 5.3 discusses the petrography and mineral chemistry of
MRG strata as presented in Chapter 3. This data is utilized to determine the metamorphic
conditions and complex history at the dome/keel interface. Section 5.4 discusses the
transition from BIF to high-grade ore, as documented through petrographic and
geochemical studies. These results are combined within Chapter 6 to elucidate processes
occurring in the formation of the high-grade iron ore.

5.2 Tectonic Evolution
A Paleoproterozoic dome-and-keel tectonic architecture is demonstrated by regional
mapping. Dome-and-keel tectonic frameworks are common within Paleoproterozoic
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provinces, and are characterized by supracrustal sequences forming structural keels
wedged between high-grade gneiss domes. The keel/dome contact is a major zone of
dislocation. The formation of dome-and-keel tectonic style has been discussed by
Marshak et al. (1992, 1997), Marshak (1999), and Tinkham and Marshak (2004), and is
compared to modern detachment faults. Application of dome-and-keel tectonics to Mary
River is described below.
Dome-and-keel provinces have tectonic similarities to both diapirs and
metamorphic core complexes (Marshal et al., 1997). The use of the term diapir implies
that basement flowed vertically upward, and was driven by buoyant forces (Hippertt,
1994). As discussed by Marshak et al. (1997), domes do not flow penetratively within
like diapirs but are emplaced along steeply dipping shear zones. The term metamorphic
core complex implies that the contact between basement and supracrustals is a low angle
detachment fault (Marshak et al., 1997). Detachment faulting results in juxtaposition of
hot basement against cold supracrustals. Within Paleoproterozoic dome-and-keel
provinces displacement is attributed to steep dip-slip normal-sense shear zones, not to
low angle detachments.
Contrasts in the style of deformation between dome-and-keel provinces and diapirs
and core-complexes is attributed to the differences between Phanerozoic and
Paleoproterozoic crustal structure (Figure 54). During the Paleoproterozoic crust was
warmer, more mobile, and the density contrast between basement and supracrustals
significantly higher. The greater vertical orientation of Proterozoic domes is attributed to
increased buoyancy attending higher geothermal gradients (Marshak et al., 1997). This
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vertical emplacement is similar to diapirs but was achieved by slip on steep normal shear
zones.

Figure 54 – Cross-section demonstrating the main differences between metamorphic core
complexes and dome-and-keel provinces. Shaded layers represent supracrustal
sequences, white layers represent basement, and hatched areas indicate mid-crustal weak
zones. Note that weak zones occur higher in the crust in the Archean. (a) Phanerozoic
collisional orogen. (b) Phanerozoic metamorphic core complex. (c) Archean/Proterozoic
collisional orogen. (d) Archean/Proterozoic dome-and-keel province. (e) Enlargement of
the dome-and-keel province. At Mary River, the crustal weak zone is represented by
mylonitic gneiss at the contact between dome and keel. (taken from Marshak, 1999).
Within the Mary River area, keels of MRG supracrustals are juxtaposed against
high-grade gneiss domes. Supracrustals are well preserved, with keels forming tight
synclinoria with complex internal polyphase folding. The primary stratification is
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transposed into early isoclinal F1-F2 folds and form the west culminations of
infrastructural F3 gneiss domes. The regional D3 overprint that results in the dome-andkeel tectonic framework is attributed to the Transhudson orogeny. Prior to
Transhudsonian deformation the region compared to an Archean ‘granite-greenstone’
terrane with volcanic/sedimentary cover preserved marginal to plutons.
Dome-and-keel architecture on Northern Baffin Island developed in the following
four stages:

1) The Transhudson orogeny tectonically thickened the Fe-rich, dense MRG,
burying Archean basement deep in the crust, heating it, and causing anatexis
(Figure 55A, B).

2) The density inversion and viscosity contrast created a positive buoyancy force
that exceeded the strength of the MRG and triggered the vertical rise of gneiss
domes (Figure 55C).

3) Collapse of the orogen was accommodated by steep normal shear zones that
juxtaposed cold MRG against hot basement at shallower crustal levels (Figure
55D). The shear zone is characterized by retrograded mylonite on the dome
side and hydrothermally produced monomineralic chlorite schist at the
boundary. Post-kinematic plutonism, represented by late red granite
pegmatite, advected additional heat into the basement beneath the supracrustal
sequence.
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4) Post dome emplacement, the adjacent keels of MRG underwent transient
heating to amphibolite facies metamorphic conditions (Figure 55D).

Figure 55 – Four stages of development for a dome-and-keel province. A:
Thickening of crust. B: Heating of basement beneath supracrustal sequence. C: Vertical
rise of hot dome. D: Contact between hot dome and cool keel (Marshak et al., 1997).
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The high-grade iron ores occur at dome/keel interfaces, i.e. on the surface of the
‘detachment.’ Hydrothermal conditions giving rise to hydrothermal chlorite and massive
magnetite bodies indicate wholesale desillication of BIF. Removal of silica from iron
formation is demonstrated by primary magnetite-chert BIF undergoing extreme pressure
solution to produce magnetite-chert gneiss in which original banding has been completely
obliterated by the metamorphic overprint and subsequent recrystallization. Loss of silica
is evidenced by giant quartz veins occurring regionally with MRG rocks proximal to the
dome/keel interface (Figure 56). This type of extensive hydrothermal alteration is
documented in Phanerozoic detachment faults, and more recently, extensive
hydrothermal alteration on long-lived steep-sided detachment faults associated with
oceanic core complexes has been identified (e.g. Reynolds and Lister, 1987; McCaig and
Harris, 2012).

Figure 56 – Giant quartz vein at Glacial Lakes. Although several quartz veins cannot
account for the total mass of all silica depletion, it nonetheless provides evidence for its
hydrothermal removal. Giant quartz veins were also observed at Deposit 3, and at
Deposit 5, zone C (photo courtesy of G. Wahl).
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5.3 Host Rocks
Petrographic study and EMPA of amphibolitic wacke identifies that the original
sedimentary rock has been recrystallized to idioblastic Fe-Mg-rich cummingtonitegrunerite series amphibole, Fe-Mg-Ca-rich hornblende and ferro-actinolite, biotite,
almandine, clinopyroxene, and Fe-Mg cordierite. The hydrothermal retrogression that
occurs at the keel/dome boundary rocks did not occur and prograde metamorphism
reached completion. Of particular interest are the relatively high Ca-Mg contents within
the hornblende and ferro-actinolite species. These amphiboles suggest that the original
sediment may have had an Mg-dolomite component.
Petrographic study and EMPA on metakomatiite units occurring at the boundary of
MRG keels demonstrate that original textures have been completely obliterated. Mg-Fe
cummingtonite, Fe-Mg-Ca actinolite, and Fe-Mg-Ca hornblende intergrow with
phlogopite as a result of amphibolite facies metamorphism. Locally these amphibolitic
schists are overgrown by coarse cordierite and Mg-cummingtonite. Limited retrogression
results in minor replacement of porphyroblasts by Fe-Mg chlorite. Cordierite samples
show higher chlorite retrogression. As determined by EMPA, the high Mg content of
these rocks supports their ultramafic origin.
Massive chlorite in ‘ore zone’ chlorite schist is indicative of intense hydrothermal
conditions at greenschist facies. Multiple foliations indicate contemporaneous shearing
on the ‘detachment’ surface. Fist sized idioblastic almandine and randomly oriented
ilmenite indicates a post shear amphibolite facies thermal event. Abundant pleochroic
halos within chlorite are inherited from biotite and indicate hydrothermal retrogression of
biotite schist at the boundary. ‘Ore zone’ chlorite schist has multiple origins, with minor
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plagioclase indicative of a wacke component, and the high Fe-Mg contents suggesting a
komatiitic origin. Bulk rock geochemistry reported by Nicpon (2011) demonstrates
anomalous concentrations of chromium, nickel, vanadium, zinc, and zircon, suggesting a
mixed ultramafic to felsic parentage.
Bordering mylonitic gneisses display the same history of retrogression as ‘ore zone’
chlorite schist, to the point that the original gneissic composition has been pervasively
overprinted by chlorite. This chlorite has then been overprinted in turn by prograde
thermal metamorphism to amphibolite facies. This results in randomly oriented
porphyroblastic growth of biotite, almandine, staurolite, Fe-Mg cordierite, and Fe-Mg
amphibole. Limited late retrogression is defined by Mg-rich chlorite replacing biotite
and local replacement cordierite, staurolite by white mica and talc.
Petrographic and EMPA studies have therefore determined complex metamorphic
conditions at the dome/keel boundary. Juxtaposition of cold greenschist facies
supracrustals against hot amphibolite facies gneiss domes results in post-kinematic heat
diffusion across the boundary. Dehydration of supracrustal keels provides a fluid
reservoir for massive chlorite retrogression to form the ‘ore zone’ chlorite schist as well
as the chlorite overprint on the bordering mylonitic gneiss. Resultant prograde
metamorphism of the greenschist facies rocks results in porphyroblastic growth of
numerous Fe-Mg(-Ca) species. Prograde metamorphism was relatively transient on the
keel-side of the detachment boundary, allowing growth of coarse almandine and
cordierite/iolite porphyroblasts but preservation of Fe-chlorite. On the dome-side of the
‘detachment’ boundary amphibolite-facies thermal metamorphism resulted in late
porphyroblastic growth of cordierite/iolite, staurolite, amphibole, and almandine. The
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lack of significant retrogression in peripheral metakomatiite and amphibolitic wacke
indicates that hydrothermal chloritization is a boundary condition.
The co-existence of cordierite, staurolite, biotite, and almandine indicates upper
amphibolite facies metamorphism (Figure 57). This overprint is characterized by low to
moderate pressures, and high temperatures.

Figure 57 – Prograde metamorphism of Mary River Group rocks outlined in red
(modified after Best, 2006).
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5.4 Transit from BIF to eBIF to High-Grade Iron Ore
Petrographic study and bulk rock geochemistry clearly demonstrates that silica is
removed from BIF. Mary River BIF forms a facies between typical oxide and silicate
facies. Well-preserved bands of magnetite alternate with bands of cryptocrystalline
quartz, with varying amounts of iron silicates. Metamorphism results in recrystallization
to quartz+magnetite gneiss in oxide facies, and magnetite+grunerite in silicate facies.
Field mapping has also identified isolated occurrences of carbonate facies BIF comprised
of magnetite+siderite. The well-defined banding in BIF gives way to eBIF with
granoblastic Fe-Mg-Ca carbonate bands and only remnant quartz. This intermediate
eBIF has a much higher iron content and the iron oxide is dominated by granoblastic
polygonal magnetite. The carbonate in eBIF is lost with the transit to high-grade ore.
The oxidation of magnetite to martite and microplaty hematite, is associated with talc,
serpentine, chlorite, and secondary carbonate growth (Figure 58).

Figure 58 – Backscatter image of zoned carbonates. This pattern is interpreted to be the
result of retrogressive carbonate growing on the cores of relict eBIF carbonate.
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Analyses of major oxides clearly demonstrate enrichment of iron occurs at the
expense of silica. BIF-normalized values of SiO2 in very high-grade ore indicate that
between 87-99.8% of the silica in the host BIF is lost during the ore-forming process.
The net bulk iron increase is 198-250%. The primary increase in iron is primarily
attributed to simple residual enrichment, though there is field evidence for remobilization
in local dyking and breccia textures.
The bulk rock geochemistry determined that eBIF is significantly enriched in
CaO, MgO, MnO, Al2O5, and P2O5 relative to BIF and high-grade iron ore. MgO and
CaO in carbonate can occur in iron formations (Klein, 2005), and carbonate marble is
documented petrographically by mineral chemistry analyses. The depletion of carbonate
from eBIF in forming high-grade iron ore indicates subsequent decarbonatization.
MnO shows considerable enrichment in very high-grade ore samples. This is
contrary to most trends in other high-grade iron ore districts (Gutzmer et al., 2008).
Manganese is a redox-sensitive element that is mobile in its divalent state (Mn2+), but
immobile in more oxidized states (Mn3+, Mn4+) (Krauskoph, 1957). EMPA studies in
this thesis and by MacLeod (2009) shows that manganese occurs as a substitution in
garnet, in various carbonate species, in Mn-cummingtonite, and in minor secondary
minnesoatite. The dissolution of carbonate during the ore-forming process would
certainly have produced Mn2+ for direct substitution into a variety of silicates. This
immobilization into silicates indicates that later stages of ore formation occurred under
strongly oxidizing conditions, otherwise Mn would have left the system during
retrogression. The oxidation of Fe2+ to Fe3+ during martitization reactions significantly
buffers fo2 during the enrichment process, and would allow Mn2+ to remain in its divalent
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state (Frost, 1991). The dominance of massive magnetite at Deposit 1 suggests that fo2
was buffered. If it had not been, there would be pervasive oxidation of magnetite to
hematite and Mn would have been mobile.
The enrichment of P2O5 is attributed to introduction with the ore-forming fluid
and subsequent fluid-rock interactions. Petrographic studies by MacLeod (2009)
documented that P-rich minerals in Deposit 1 include monazite in interleaved schist units,
and fluro-apatite, diadochite, and cacoxenite in ore. Diadochite and cacoxenite result
from weathering of primary P-rich minerals. Rasmussen et al. (2007) documented
multiphase authigenic monazite and xenotime (both REE phosphates) within high-grade
hematite bodies.
A minor enrichment of Al2O3 is not unexpected. Elevated levels have been
reported in numerous high-grade iron ore districts (Gutzmer et al., 2008). It can be both
minimally mobile and extensively mobile during both chemical weathering and
hydrothermal fluid-rock alteration processes (Garrels and Mackenzie, 1971; Sokolova
and Khordakovskiy, 1977). Simple residual enrichment would require Al2O3 in the
parent BIF, however most BIFs do not have significantly elevated levels (< 1.75 wt %),
and the Mary River BIF averages 0.4 wt % Al2O3 (Klein and Beukes, 1992).
In contrast to most high-grade ore districts, V shows depletion in very high-grade
iron ore (Gutzmer et al., 2008). This depletion is in contrast to significant enrichment in
eBIF, suggesting a tie to the carbonatization/decarbonatization pattern. V is a redoxsensitive element and is immobile at mildly acidic, alkaline pH and variable
temperatures. Its depletion supports the evidence that during the enrichment process fo2
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was significantly buffered, and suggests that the initial fluid was alkaline, and later
became acidic.
Marked enrichment of Co is common in high-grade ore districts (Gutzmer et al.,
2008). Sorescu et al. (2000) and Cornell and Schwertmann (2003) have shown that Co2+
may substitute for Fe2+ in hydrothermally derived magnetite. This suggests the
enrichment is tied to simple residual concentration and immobility. Ni shows minor
enrichment, and when compared to other high-grade ore districts, it is somewhat unusual,
though the Thabazimbi deposit does show Ni enrichment (Gutzmer et al., 2008).
Possibly, the enrichment of Co and Ni may be attributed to a komatiitic contribution to
the hydrothermal signature.
Cu shows trace depletion in all samples of very high-grade ore, and this is typical
when compared to other high-grade ore districts (Gutzmer et al., 2008). Close
examination reveals a complex pattern of enrichment and depletion during the transition
from BIF to ore. Individual samples of eBIF and high-grade ore can show enrichment or
depletion. This suggests that Cu was exceptionally mobile during the ore-forming
process. Core logging commonly documents the occurrence of late chalcopyrite veins.
This sulphide veining may be related to an IOCG overprint, however, further study is
required.
Within very high-grade ore LILE show significant depletion when compared to
the parent BIF, with the exception of Li which shows minor enrichment. In particular,
with the change from eBIF to very-high grade ore, Sr shows significant depletion,
suggesting a tie to the carbonatization/decarbonatization process. Compared to other
high-grade iron ore districts, these depletions are not unusual (Gutzmer et al, 2008).
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Enrichment in the LILE is constrained to districts that formed by supergene enrichment,
so this depletion can be used for further evidence of hydrothermal conditions at Mary
River. Within supergene-derived ores, the LILE are associated with LILE-Al phosphates
and illitization of aluminous clay minerals.
The HFSE are considered to be exceptionally immobile during both weathering
processes and fluid-rock interactions (Rollinson, 1993). As such, they are typically used
to gauge patterns of enrichment/depletion in other more mobile elements. It was
expected that enrichments would be seen in the HFSE would be minor. The enrichment
of Ti and Th in eBIF but subsequent depletion with the change to high-grade iron ore
suggests an association with the decarbonatization. U displays continual enrichment
suggesting an association with Fe, while Ta shows depletion with continued enrichment
in iron, suggesting an association with silica. An examination of pre-normalized values
shows that all of these elements occur at exceptionally low levels within all types of iron
formation, the comparative exception being U. These low concentrations and resultant
normalizations may produce misleading patterns of enrichment and depletion.
Recent studies have suggested that the HFSE are in fact mobile under specific
conditions (Jiang et al., 2005). Within metamorphic-hydrothermal ore deposits,
prograde-retrograde histories result in the breakdown of primary HFSE-bearing minerals
to those of metamorphic origin such as zircon, monazite, allanite, fluorapatite, and
xenotime, or may be incorporated into tourmaline. Monazite, allanite, fluorapatite, and
tourmaline have all been identified in petrographic studies of ‘ore zone’ schist units at
Mary River. The occurrence of these minerals suggest that HFSE were mobilized out of
high-grade ore into the hydrothermally derived ‘ore zone’ schist. Factors that attribute to
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this mobility include P-T conditions, pH, high-salinity, and volatiles such as boron,
fluorine, phosphate, and sulfate within (Jiang et al., 2005). The odd patterns of
enrichment/depletion between eBIF and high-grade ores suggests that the HFSE may
provide clues to the specific nature of the hydrothermal overprint.
Mo shows subtle enrichment in all iron types suggesting net introduction. This
theory is supported by the local occurrence of molybdenite within ‘ore zone’ schist units
and chloritized mylonitic footwall gneiss. Mo and W are typically found within
pegmatites associated with granitic intrusives, but may also be formed in hightemperature hydrothermal settings. The enrichment of both W and Mo suggests an
association with granitic pegmatite, and molybdenite occurrences in pegmatite are found
proximal to the ‘detachment’ boundary.
Ga and Ge typically do not form as the primary component of minerals, but as a
trace component of minerals associated with Cu and Zn. This association along with a
base metals showing proximal to Deposit 1, suggest a net introduction rather than simple
residual enrichment, and ‘ore zone’ chlorite schist has been shown to be enriched in Zn.
The parent BIF is significantly depleted in REE when normalized to NASC. The
elevated values for HREE when compared to LREE is consistent with Archean to early
Paleoproterozoic iron formations and may be the result of deposition in a water column
with no Fe-Mn redoxcline (Planavsky et al., 2010). With normalization to the parent
BIF, eBIF shows enrichment factors of 2.4-4 whereas very high-grade ores only have
enrichment factors that are slightly higher than 1. Also, the LREE are more abundant in
eBIF than very high-grade ore, but this relationship is reversed in very high-grade ore,
where HREE>LREE.
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The overall enrichment throughout the ore-forming process suggests that REE are
relatively immobile. However, the significant enrichment factors seen in eBIF suggest a
net loss in forming massive magnetite. The hydrothermally derived ores at Carajas also
have a preference for HREE (Gutzmer et al., 2008), and is attributed to high-salinity
hydrothermal fluids that more easily transport HREE than LREE. Another possible
explanation for the abundance of HREE compared to LREE is given by Bau (1993). He
proposes that in exceptionally fluid-dominated metamorphic systems, HREE can be
incorporated into the lattice structure of magnetite, whereas LREE would only be able to
incorporate into the grain boundary. This is attributed to the difference in ionic radius
between HREE and Fe2+ (smaller), and LREE and Fe2+ (larger).
Based on the above discussion, it can be stated that the marked enrichment of iron
is attributed to the effective removal of SiO2, MgO, and CaO. The patterns of
enrichment suggest the initial desilication is accompanied by carbonate enrichment in
eBIF. Decarbonatization is associated with further desilication and removal of MgO and
CaO. The enrichment and depletion patterns of MnO and V demonstrates that fo2 was
buffered during the initial stages of ore formation, allowing the preservation of massive
magnetite in an alkaline fluid. During the late stages of ore formation, it was not,
allowing for martitization reactions in an acidic solution. Transition metals
predominantly show enrichment. The depletion and apparent mobility of the HFSE
suggests that further study would aid in characterizing specific conditions of the oreforming fluid. The depletion of LILE and fractionation between LREE and HREE can be
used as evidence for the hydrothermal origin of the ore, rather than a major supergene
component.
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5.4.1 Late Martitization/Hematization
The oxidation of magnetite to hematite is termed martitization, and is
pseudomorphic: martite has the crystal habit of magnetite but is compositionally
hematite. The oxidation of magnetite to produce martite may occur either by redox or
non-redox reactions. Where occurring by redox, two main reactions may occur. Firstly, it
is suggested that upward moving hydrothermal fluids interacted with magnetite causing
oxidation via equation 1 (Ohmoto, 2003). Alternatively, it has been suggested that these
hydrothermal fluids interact with supergene O2-rich meteoric water via equation 2 at the
site of ore formation. Equation 2 can only proceed near surface, as it unlikely free O2
molecules will remain at depth in reduced rocks. This reaction produces maghemite (!Fe2O3), and requires the topotactic conversion of magnetite (Cornell and Schwertmann,
2003). The result is cation-deficient hematite that is ferrimagnetic like magnetite. With
temperatures in excess of 500°C, maghemite alters to hematite via spontaneous
nucleation. No porosity develops during this reaction.

(1) 2Fe3O4 (mag)+H2O = 3Fe2O3 (hem)+2H+ (Garrels and Christ, 1965)
(2) 4Fe3O4 (mag)+O2 ! 6Fe2O3 (hem) (Cornell and Schwertmann, 2003)

Alternatively, nonredox reactions have also been proposed for martitization.
Cannon (1976) and Ohmoto (2003) suggest that hydrothermally leaching Fe2+ from
magnetite is the cause of conversion, and does not require a supergene fluid source
(equation 3). Ohmoto noted that while the conversion may occur at any temperature or
pressure, it is favoured at higher temperatures like many acid-base reactions (i.e. during
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metamorphism). He proposes that the same fluids that cause the removal of silica from
BIF also leach Fe2+ from the iron formation. This reaction produces an approximate 32%
volume increase, significantly increasing rock porosity, and is favoured for the Mt. Tom
Price ores in the Hamersley.

(3) Fe3O4 (mag)+2H+ = Fe2O3 (hem)+Fe2++H2O (Ohmoto, 2003)

Although much of Deposit 1 and other prospective deposits are comprised of
magnetite, martite also occurs in significant quantities, especially on the South Limb of
Deposit 1. Petrographic examinations in this thesis and by Johnson (2008) and MacLeod
(2009) have documented different degrees of transition from magnetite to martite in
Deposit 1. Conversion of magnetite to martite first appears as replacement of magnetite
polyhedra along grain boundaries and cleavage planes. Eventually, martite replacement
is so extensive only minor to trace magnetite occurs in the cores of coarse-grained
granular martite. Where oxidation has been pervasive, martite forms microplaty
hematite. Numerous authors have speculated on the formation of martite from magnetite,
and the origin and causes of martitization at Mary River is attributed to post-peak
metamorphic fluid ingress as demonstrated by this thesis.
With regards to Mary River, hematite-rich areas of Deposit 1 are particularly
porous. This favours equation 3 if porosity is not solely the result of silica and carbonate
leaching during the enrichment processes. If martitization is the result of the same fluids
that remove deleterious elements from BIF as per equation 1, then it would be expected
that the entire deposit would be comprised of hematite. Notably, the North Limb is
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comprised of predominantly magnetite, and the south limb martite. Per equation 3, this
suggests that there were either more fluid pathways in the South Limb and greater
amounts of remnant fluid, or the buffering capacity in some magnetite-rich areas was
exceptionally high due to mineralogical differences.
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CHAPTER 6
CONCLUSIONS

6.1 Introduction
As a result of the discussion of data acquired for this thesis, several conclusions can
be made. First, a discussion on metamorphism of Mary River iron formation is presented
as the metamorphic conditions establish key controls on ore genesis. This is followed by
a comparison to other high-grade iron ore districts. Lastly, a multi-step genetic model is
proposed for formation of the high-grade iron ore, followed by application of these
results.

6.2 Metamorphism of Iron Formation
The Mary River iron ores and BIF have been subjected to amphibolite facies
metamorphism during the Transhudson orogeny. This is evidenced by the occurrence of
granoblastic polygonal magnetite and carbonate, cummingtonite-grunerite, Fe-chlorite,
and almandine. It is accepted that where BIF is subjected to burial at great depths and
regional metamorphism, conversion favors the formation of magnetite from any remnant
hematite (Burt 1972). This may be achieved via the reduction of one third of the Fe3+
atoms in hematite by organic matter buried with the BIF via equation 4; or the interaction
of hematite with siderite at high temperatures accompanied by deep burial and regional
metamorphism via equation 5 (Burt, 1972; Ohmoto, 2003). Reaction (4) is not
supported, as organic carbon has not been identified within Algoma-type BIFs or at Mary
River.
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(4) 6Fe2O3 (hem)+CH2O ! 4Fe3O4 (mag)+CO2 (Ohmoto, 2003)
(5) Fe2O3 (hem) +FeCO3 (sid) ! Fe3O4 (mag)+CO2 (Burt, 1972)

Algoma-type BIFs typically display multi-phase deformation and
recrystallization, making identification of original textures impossible. At Mary River,
late thermal annealing produces magnetite+quartz gneiss. With increasing grades of
metamorphism, textural and mineralogical changes are evident within the BIF and iron
ore (Figure 59) (Klein, 2005). The primary textural change is an increase in crystal size
to the point where individual grains are visible in hand specimen. After diagenesis
banding is characterized by medium- to coarse-grained, well-crystallized sub- to euhedral
magnetite±hematite. Increases in metamorphic grade are accompanied by grain size
increase. Equigranular textures are formed at the highest grade, and original textures are
obliterated. This high-grade metamorphism produces the granoblastic polygonal to
annealed magnetite at Mary River in both BIF and iron ore. High-grade metamorphism
also results in the granoblastic textures observed in marble, supporting its formation prior
to martitization.
When metamorphosed, BIFs develop mineralogy consistent with their specific
iron formation facies. Oxide faces will alter to magnetite±hematite±chert, carbonate
facies will alter to magnetite±hematite±siderite/ankerite/ferroan dolomite±chert, and
silicate facies will alter to magnetite±hematite±greenalite/stipnomelane±chert (James,
1954). At Mary River, these reactions occur within BIF of all facies and accompanied
the formation of iron ore at the various deposits. It is noted that these reactions cannot
produce high-grade iron formations, but may account for the various gangue species
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Figure 59 – Progressive mineralogical changes in iron formation with increasing grade.
Red square indicates peak prograde metamorphic grade of Mary River iron formation,
and is equivalent to mid-amphibolite facies metamorphism of pelitic rocks. Green square
indicates proposed retrogression facies, and is equivalent to low greenschist facies
metamorphism of pelitic rocks (modified from Klein, 2005).
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found within ore. Without impurities in BIF, it would be impossible to develop the
identified assemblages. These mineralogical changes are accounted for in the following
paragraphs.
At low greenschist facies, greenalite recrystallizes to stilpnomelane or
minnesotaite (Klein, 2005). As metamorphic grade increases, Fe-silicates recrystallize to
grunerite, cummingtonite, tremolite, and Fe-pyroxene. Equations for the development of
iron silicates and iron carbonates are:

(6) Fe6Si4O10(OH)8 (greenalite)+4SiO2 (chert) ! 2Fe3Si4O10(OH)2 (minnesotaite)+2H2O
(7) 2Fe6Si4O10(OH)8 (greenalite)+O2 ! 2Fe3Si4O10(OH)2 (minnesotatite+2Fe3O4 (mag)+2H2O
(8) FeCO3 (siderite)+4SiO4 (chert)+H2O ! Fe3Si4O10(OH)2 (minnesotaite)+3CO2
(Equations 6-8 from Klein, 2005)

Silicates may undergo further prograde metamorphism through the Ca-amphibole
and Fe-Mg amphibole series (Klein, 2005). Amphiboles may also be produced through
reactions of iron carbonates and quartz, or breakdown of silicates. Reaction equations
are:

(9) 7Ca(Fe, Mg)(CO3)2 (ferrodolomite)+8SiO2 (quartz)+H2O !
(Fe,Mg)7Si8O22(OH)2 (cumm-grun)+7CaCO3 (calcite)+7CO2
(10) 8(Fe,Mg)CO3 (siderite)+8SiO2 (quartz)+H2O ! (Fe,Mg)7Si8O22(OH)2 (cumm-grun)+7CO2
(11) 7Fe3Si4O10(OH)2 (minnesotaite) ! Fe7Si8O22(OH)2 (grun)+4SiO2 (quartz)+4 H2O
(12) 14Ca(Fe, Mg)(CO3)2 (ferrodolomite)+16SiO2+2H2O !
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Ca2Mg5Si8O22(OH)2 (tremolite)+Fe7Si8O22(OH)2 (cumm-grun)+14(Ca0.9Mg0.1)CO3 (calcite)+14CO2
(Equations 9-12 from Klein, 2005)

Continued prograde metamorphism develops anhydrous assemblages of pyroxene,
almandine garnet, and carbonates at the highest grade are the result of decomposition of
ankerite, siderite, and grunerite (Klein, 2005). The occurrence of almandine in BIF is
somewhat rare due to low Al2O3 content. However, within high-grade ore at Mary River
garnet is not unexpected due to increased aluminum contents associated with slight
enrichment, as discussed in section 5.4. In BIF, carbonates persist with increasing
metamorphic grade, even though they are involved in reactions to produce other minerals.
Siderite decreases in concentration compared to other carbonates, suggesting that it is
more involved when forming silicates (Klein, 1983).

6.3 Comparison to Other Districts
The petrographic and geochemical results reported here support genesis of high-grade
ores via desilication/decarbonatization of primary BIF. In particular, this study
demonstrates similarities with the genetic model proposed by Dalstra et al. (2003) and
Dalstra and Guedes (2004) as outlined in Chapter 1. This model is discussed here again
as it applies to Mary River, however late supergene leaching of carbonates is not
supported.
At Mary River, ores display similarities to Krivoy Rog, Mt. Tom Price, and Carajas
(Figure 60). With respect to similarities with Krivoy Rog, examination of the host rocks
at Mary River shows high-temperature prograde assemblages of garnet, clinopyroxene,

183

Figure 60 – T- fo2 diagram showing stability relationships between different protore
assemblages (thick lines), and altered wall rocks (thin dashed lines) for differing deposits.
Proposed stability for magnetite during prograde metamorphism at Mary River is
outlined in red, and later stability of hematite associated with retrograde metamorphism is
outlined in green. Abbreviations are Goe = goethite, hem = hematite, Mt = magnetite, Ca
= carbonate, Amp = amphibole, OPX = orthopyroxene, Tc = talc, Cum = cummingtonite.
(Modified from Dalstra and Guedes, 2004).
cummingtonite, and biotite, all of which are high Fe-Mg species. Furthermore, the
occurrence of almandine and cummingtonite within magnetite ore suggests temperatures
of >400°-500°C, equivalent to mid-amphibolite facies metamorphism. The protore at
Krivoy Rog is magnetite-amphibole-siderite, and petrographic studies at Mary River
seemingly support this, although it is more likely a magnetite-amphibole-carbonateapatite protore, as supported by enrichment patterns by bulk rock chemistry. The
occurrence of apatite in the protore is supported by genesis theories for Mt Tom Price as
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discussed in Chapter 1. The proposed fluid source is an alkaline Mg-Fe-Ca brine to
preserve magnetite.
With respect to similarities to Mt. Tom Price and Carajas, the retrogressive
assemblages at Mary River are of similar composition. These retrograde assemblages are
particularly evidenced in ‘ore zone’ chlorite schist and chlorite retrograded mylonitic
gneiss, where late Mg-chlorite and phengite locally replaces aluminous silicate
porphyroblasts. Within Deposit 1, retrogression assemblages include late carbonate, talc,
serpentine, and Mg-chlorite. These alteration assemblages suggest cooler temperatures of
200°-<400°C, equivalent to greenschist facies metamorphism. The proposed fluid
involved would be more oxidizing and more acidic.
The above discussion suggests two fluids for Mary River, similar to Mt. Tom Price.
First, an Mg-Fe(-Ca)-rich alkaline brine derived at depth preserved original magnetite
from BIF. This is further supported by the enrichment and depletion patterns of Mn and
V, as noted by the bulk rock geochemistry. This fluid is undersaturated with respect to
silica and removes it from the system. Silica banding is replaced by various prograde
Mg-Fe-Ca carbonate species, however there still remains the possibility that these
carbonate species are relict from an original carbonate BIF. The lack of carbonate BIF
identified by regional mapping supports the possibility of replacement of silica.
Cummingtonite and almandine are the results of prograde metamorphism of primary Fesilicates, and their occurrence is used as a further indicator of peak temperatures of 400500°C. The formation of massive annealed magnetite and marble textures in the
carbonate protore indicates that this stage of high-grade iron ore formation was complete
prior to the peak thermal event of the Transhudson orogeny.
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The original fluid undergoes a shift in pH and substantially cools, or a second fluid
source is required sometime later. Dalstra et al. (2003) and Dalstra and Guedes (2004)
propose that this second fluid is supergene. This is not favoured at Mary River as there is
no evidence to support a supergene event. If the formation of martite favours the
leaching of Fe2+ from magnetite in an acidic solution (see equation 3), then the shift in
pH is required and this theory is currently favoured. This acidic fluid would also leach
carbonates to produce a massive iron oxide body. It is proposed that rather than graphite
buffering fo2, leaching of carbonates might allow for preservation of some magnetite, and
the released CO2 forms retrograde assemblages. This second more acidic fluid would
also be a cooler temperature, likely below 300°C as demonstrated by the numerous
retrogressive species seen within Deposit 1 that are not stable at higher temperatures.
The origin of fluid to upgrade BIF to high-grade has been the subject of considerable
debate. At Mary River, the enrichment fluid was undersaturated with respect to silica,
and introduced Ca-Fe-Mg, as demonstrated by both bulk rock and petrographic and
EMPA study. It is suggested that the fluid may be derived from dehydration of
komatiites at the detachment boundary, but there may have been a carbonate-bearing
wacke component. It has also been suggested that Hudsonian pegmatite may have been a
minor source of some fluid as well. The transport of the ore-forming fluid is structurally
controlled, and as outlined in Chapter 1 increased porosity associated with desilication
provides further pathways.
Marshak et al. (1992) noted dehydration and depressurization of supracrustals occurs
during the formation of dome-and-keel provinces. Field mapping demonstrates the close
association of BIF and iron ore with metakomatiite units at the ‘detachment’ surface.
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Notably, the concentrations of high-grade iron ore are closely associated with the extent
of komatiite. Where preserved at greenschist facies, high MgO komatiites have >10%
H2O within talc and serpentine (Arndt et al., 2008). Dehydration of these minerals at
upper amphibolite facies (~500°C) may result in free water, as shown in example
equations 13-16.

(13) 9Mg3Si4O10(OH)2 (talc)+4Mg2SiO4 (forsterite) =
5(Mg, Fe)7Si8O22(OH)2 (anthophyllite)+4H2 O (Wunder and Schreyer, 1997)
(14) (Mg, Fe)3Si2O5(OH)4 (antigorite)=49Mg3Si4O10(OH)2 (talc)+18Mg2SiO4 (forsterite)+27H2 O
(Wunder and Schreyer, 1997)
(15) Mg3Si2O5(OH)4 (serpentine) + 3CO2 ! 3MgCO3 (magnesite) + 2SiO2 + 2H2 O (Hansen et
al., 2005)
(16) 2Mg48Si34O85(OH)62 (antigorite)+45CO2 !
45MgCO3 (magnesite)+17Mg3Si4O10(OH)2 (talc)+45H2O (Hansen et al., 2005)

The association of high-grade ore with komatiite may therefore suggest a greater fluid
source.
The introduction of Ca in the ore-forming process is attributed to a minor calcareous
wacke component. As originally mentioned, amphibolitic wacke may have had an Mgdolomite component. This supports the theory outlined above by Dalstra et al. (2003)
and Dalstra and Guedes (2004) concerning dolomitic rocks at depth channeling heated
alkaline brines derived from carbonate aquifers, although this component would have
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been minor at Mary River. In any case, it suggests that all rocks close to the
‘detachment’ are dehydrated to some extent during the formation of the dome-and-keel
architecture, and provide fluid to the enrichment process.
It has been suggested by some authors (e.g. Lobato et al., 2005 for Carajas) that the
enrichment fluid is derived from a pegmatitic or granitic source. In particular, Rosiere and
Rios (2004) hesitantly propose granitic fluids derived from the formation of a dome-andkeel province as the source of initial fluids in the Quadrilatero Ferrifero (see Chapter 1).
At Mary River, enrichments in Mo and W seemingly support this theory to some extent.
Nicpon (2011) noted that enrichments of zirconium and REE in ‘ore zone’ chlorite schist
may indicate a felsic igneous component, and Fulcher (2011) noted that tourmaline in
schist interleaved at Deposit 4 may suggest an association to undeformed Hudsonian
pegmatites. A particular problem with this theory is the total amount of volume required
for the enrichment process, as a few pegmatites would not be able to produce nearly the
volume required to remove all silica, nor would they be sufficiently undersaturated in
silica.

6.4 Summary
The following conclusions concerning ore genesis at Mary River can be made as a
result of this thesis:
1) Diagenesis of impure BIF resulted in magnetite+chert±siderite± hematite±iron
silicate assemblages.
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2) The formation of the dome-and-keel tectonic style occurred during the late
Transhudson overprint.
3) Dehydration of greenschist facies rocks produced an alkaline Mg-Fe-Ca-rich
brine that escaped along the dome/keel boundary.
4) Migration of hot (400-500°C) alkaline brine into BIF sited at the boundary
resulted in silica leaching, formation of Mg-Fe-Ca carbonates.
5) Peak thermal metamorphism of the Baffin Orogen resulted in granoblastic
polygonal overprints on magnetite and carbonate.
6) A shift to a low pH, cooler (<300°C) solution significantly after the peak
metamorphic event resulted in the formation of martite.
7) The acidic fluid leached remnant carbonate, and subsequent release of CO2
resulted in formation of retrograde assemblages of talc, chlorite, serpentine, and
secondary carbonate growth. This locally extended into aluminous schist units
footwall to ore to replace aluminous silicate porphyroblasts by phengite.

6.5 Application
This thesis was undertaken in order to aid in the discovery of high-grade iron ore
bodies. The occurrence of ore bodies at the ‘detachment’ boundary is directly associated
with ‘ore zone’ chlorite schist and metakomatiite units. In areas where high-grade ore is
not exposed at surface, the occurrence of ‘ore zone’ chlorite schist and metakomatiite in
conjunction with geophysical magnetic or gravity highs would be highly indicative of ore
at depth.
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APPENDIX A:
SAMPLE LOCATIONS
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PETROGRAPHIC SAMPLES
Sample

E

N

Rock Type

Drill Hole

Depth
(m)

Limb

1-1
1-4
1-6
1-8
1-11
1-13
2-1
2-14
3-1
4-1
4-8
4-10
5-18
8-2
11-1
11-4B
15-5
15-9
584.2
2095
2104
7972
7974
7974.2
7983
14880

563404
563159
562623
564251
563536
563886
538067
540383
565850
542100
544238
544566
544074
559909
574635
573741
563159
564263
563736
563378
563378
563722
563722
563722
563722
563736

7913008
7914450
7913854
7913286
7912888
7913060
7929094
7929346
7913841
7930181
7930237
7930247
7929427
7919131
7913568
7917095
7914450
7912637
7915483
7915007
7915007
7914438
7914438
7914438
7914438
7915483

Aluminous Gneiss
Aluminous Gneiss
Metakomatitie
Metakomatiite
Ore Zone Schist
BIF
Grunerite IF
Ore Zone Schist
Oxide BIF
Mylonite
Amphibolitic Wacke
Oxide BIF
Ore Zone Schist
Metakomatiite
Aluminous Gneiss
eBIF
Amphibolitic Wacke
Amphibolitic Wacke
eBIF
High-Grade Iron Ore
eBIF
eBIF
eBIF
eBIF
eBIF
High-Grade Iron Ore

MR1-08-158
MR1-08-161
MR1-08-161
MR1-08-141
MR1-08-141
MR1-08-141
MR1-08-141
MRI-08-158

200
129
145
193
196
196.5
214
256

North
North
North
South
South
South
South
North
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BULK ROCK GEOCHEMISTRY SAMPLES
Sample
141-7932
141-7951
141-7952
141-7972
141-7974
158-584.1
158-584.2
158-588.1
158-588.2
158-14869.1
158-14869.2
158-14880
158-14897
166-2061
166-2095
166-2104
177-709
177-716
177-756
177-778

Rock Type
High-Grade
High-Grade
BIF
eBIF
eBIF
BIF
High-Grade
BIF
High-Grade
High-Grade
eBIF
Very High-Grade
High-Grade
Very High-Grade
Very High-Grade
eBIF
Very High-Grade
BIF
High-Grade
Very High-Grade

Drill Hole
MRI-08-141

MR1-08-158

Depth (m)
103
138
139
193
196
200
201
208
209
236
237
257
291

MR1-08-166
MR1-08-177

Limb
South

North

North
22
37
116
159

South
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APPENDIX B:
MINERAL CHEMISTRY DATA

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

APPENDIX C:
BULK ROCK GEOCHEMISTRY DATA

270
DATA PROVIDED BY ACTLABS

271

272

273

274

275

276

277
BIF DATA
MAJOR OXIDES – in wt % oxide

TRANSITION METALS – in ppm except where noted

LILE – in ppm

HFSE – in ppm except where noted

278
SELECT TRACE ELEMENTS – in ppm

REE – in ppm

REE NORMALIZED TO NASC

eBIF SAMPLES NORMALIZED TO BIF
MAJOR OXIDES

279
TRANSITION METALS

LILE

HFSE

SELECT TRACE ELEMENTS

280
REE

REE NORMALIZED TO NASC

HIGH-GRADE IRON ORE SAMPLES NORMALIZED TO BIF
MAJOR OXIDES

TRANSITION METALS

281
LILE

HFSE

SELECT TRACE ELEMENTS

282
REE

REE NORMALIZED TO NASC

VERY HIGH-GRADE IRON ORE SAMPLES NORMALIZED TO BIF
MAJOR OXIDES

TRANSITION METALS

283
LILE

HFSE

SELECT TRACE ELEMENTS

REE

284
REE NORMALIZED TO NASC
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